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@ This is an electron micrograph of magnesium 
etched by salt water. It clearly illustrates the great 
depth of field that characterizes the RCA Electron 
Microsc ope 

In the center area you can see a high triangular 
peak. This peak is surrounded by another triangular 
region, which ts slightly raised. Around this area 
is the general elevation of the replica— partially 
covered with nearly circular pits. All four levels are 
clearly visthle! 

Micrographs like this help the metallurgist 
observe the effects of polishes and finishes, corro 
sion, surtace wear, and metal aging because the 
RCA Electron Microscope brings every level of a 
specimen into sharp view —regardless of the magni- 


fication, In practically all cases, the depth-oft-treld 


SCIENTIFIC INSTRUMENTS 


of the Microscope is greater than the third-dimension 
surface irregularities of the specimen. To metal- 
lurgists, this is especially important at magorifica- 
tions above 500 X. 

The greatest usefulness of the Electron Micro- 
scope begins at the point where the light micro- 
scope encounters its limits in resolution and depth 
of field. In many cases, this occurs at relatively low 
magnifications. Only the Electron Microscope can 
extend the metallurgist’s ability to see beyond this 
point. The greater understanding which results 
trom this greater vision is the key to progress in 
metallurgy. 

For helptul information about the RCA Electron 
Microscope, simply write Dept. 130B, RCA Engi- 
neering Products, Camden, N. J. 
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let’s get down to earth! 


Many users of stainless steel speak so glowingly of it that 


it would seem that there is nothing stainless can’t do. 
Stainless steel is more than one kind of specialty steel... 


it is a complete series of steels for many uses. 


Unless the right stainless analysis is selected, it won't 
do a good job. Crucible, a pioneer in the development of 
stainless steels, offers you the services of an unsurpassed 
staff of metallurgists to help you work out your stainless 


application problem, 


These engineers and metallurgists are freely available 
to you. One word from you puts a background of 50 years 
of specialty steel leadership at your service. CRUCIBLE 
STEEL COMPANY OF AMERICA, Chrysler Building, 


New York 17, N.Y. 
first name in special purpose steels 
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How SILICOMANGANESE Saves Furnace 


Time . . . Produces 


Silicomanganese is used by the steel in 
dustry as a turnace block* and deoxidizer 
and also for manganese additions 

The cleanness and quality of steel de 
pend largely on how well it has been 
deoxidized. Deoxidation also greatly influ 
ences the physical properties of steel for 
rolling and subsequent fabrication. Silico 
manganese cr mbines two active deoxidizers 
in a single alloy and it has proved to be 
a more effective deoxidizer than silicon or 
manganese alloys added separately. This 
combination alloy contains silicon and man 
ganese in the correct proportion (approxi 
mately 1 to 3.5) to be most effective in 
reducing the oxygen content of the bath to 
a low level The use of silicomangane se 
produces cleaner steel, saves furnace time, 
and gives high alloy recovery for manganes« 
additions. 


Gets More Oxygen Out of Bath 

When silix manganese is used for block 
ing and deoxidation, the combined effect 
t silic n and many lowers the 
gen content to a greater degree than silicon 
alone This due to the fact that the 
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ind with 
t 


leoxidation of steel, frequently 
ock, stops the carb 


Better, Cleaner Steel 


amount of oxygen in equilibrium with a 
given amount ot silicon is lower in iron 
silicon manganese allovs than it is in plain 
iron-silicon alloys, as shown in Fig. 1 


Less Inclusions, Cleaner Steel 

In addition to lowering the oxygen con 
tent, silicomanganese has a specifically 
beneficial effect on inclusions. The inclu 
sions in a steel depend in large part on how 
low the carbon content (or how high the 
oxygen content) is before blocking. The 
lower the carbon, the dirtier the final steel 
almost regardless of the subsequent deoxida 
tion treatment. Since silicomanyanese has a 
low carbon content, it is not necessary to 
drive the carbon as low (or make the oxygen 
as high . as when high« arbon or standard 
ferromanganese is used, so that the final 
steel is cleaner and has better working prop 
erties. The improved cleanliness resulting 
from silicomanganese is usually noticeabk 
in higher carbon steels, but is outstanding 
in steels below 0.25 per cent carbon where 
inclusions and surface defects are a vital 
problem and where the time saved by block 
ing at a higher carbon level ignihcant 


Fast Solubility In Both 


Because of the high concentration of 
rctive clements in silicomanganese, less 
time is required to effect solution of this 
lov than when equis ilent amounts of sili 

m and manganese are used separately m 


the form of ferrosilicon and ferromanganese 
I r example ( mpare the etwp il anal 
vses of silicomanganese, standard ferroman 


vanese ind 50 per ce nt ferrosilicon 


Stondard 
Ferroman- 
jonese, 


Manganese 
Silicon 
Carbon 

Iron, approx 


can be seen that 1,000 | 
would contain 190 
f silicon and 665 Ib. of manganese. These 
imounts ind nanyvanese Ww uld 
require 50 per cent ferrosili 
mi idard ferr Hanvanese 
a total o 2 Obviously it is easier and 


faster to ol 100 Th. of the combina 


tion alloy silicomanganese than 1,210 Ib. of 
these separate silicon and manganese alloys 


Lower Carbon Content 

Silicomanganese contains less carbon 
than any combination of ferrosilicon and 
standard ferromanganese. Therefore, the 
carbon-oxygen reaction in the bath can be 
stopped earlier when silicomanganese is 
used for blocking. Heats can be blocked at 
higher carbon levels and hence lower oxy 
gen contents, and the amount of deoxidation 
required is less. 


Fig. 2. Charging  silicomanga 


nese into an open hearth furnace 


Saves Furnace Time 
Because of the advantages outlined, 
silicomanganese can save as much as 20 
minutes per melt in the production of open 
hearth steel. For low-carbon steel, an even 
greater saving in time can be realized. 


For Producing Engineering Steels 

Silicomanganese is also used for alloy 
additions of manganese, parte ularly in the 
production of engineering steels containing 
0.10 to 0.50 per cent ¢ irbon 

\\ he n se other oxidizable ad 
ditions, such as chromium, must be made 
to the bath, the use of a block provides a 
higher alloy recovery. Silicomanganese in 
troduces manganese with the ilicon ind 
the usual recovery of this manganese will 
range from 70 to 85 per cent 


Metallurgical Service Available 
Ask to have one of our metallurgists call 
ind explain more fully the advantages of 
silicomanganese as a furnace block and de 
xidizer. He will be glad to help you with the 
use of Frecrromer silicomanganese. This 
illov contains 65 to 68 per cent manganese 
ind Is ay tilable in maximum 1.50 yer cent 
und 2.00 per cent carbon grade Both 
grades are furnished in a lump size of 75 Tb 
2 in. and in a crushed size of 2 in. » 
d mn \ rite wire 
bircrromer ofhce 


on phe ne the nearest 
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Revised and expanded 
second edition of an 
American Chemical Society Monograph 


TIN ... Its Mining, 
Production, Technology 
and Applications 


By C. L. Mantell 


This comprehensive and thoroughly 
critical monograph includes all the 
known data on un. It gathers together 
the authoritative available information 
for the easy use of those in the various 
felds in which tun finds application 
The new book is larger and more 
treatise-like in nature than the first 
edition, and is completely up to date 
Dr. Mantell discusses thoroughly new 
practices and procedures developed in 
ores and ore deposits, mining and ore 
dressing, smelting and metallurgy, un 
tin plate, all 
ternary and 


conservation, electrolytic 
the binary alloys, the 
quaternary systems, hot dipped coat 
ings, un cans, foil and collapsible 
tubes, corrosion and analytical methods 
Of special interest is the use of sec 
including German, Con 
tinental and American practices and 
the uses and applications of competi 
tive products and substitutes for tin 


580 pages, illustrated, $10.00 


ondary un 


This new book will help you 
apply design, materials and processes 
to practical working conditions 


Ls 


MATERIALS 
ENGINEERING 


of METAL PRODUCTS 
By Norman E. Woldman 


You will tind this one of the 
useful books ever published in the 


most 
metallurgical field. Ic fully describes 
the properties and functions of all 
commonly metals and alloys 
under various types of service condi 
tions, and correlates the metallurgy 
of the materials with engineering 
design and practical working con 


used 


ditions 

A distinguishing and unique feature 
of this book is that it approaches 
materials engineering of metal prod 
ucts from the application point of 


view. Its down-to-earth treatment is 
intended for engineers in manufac 
turing, fabricating and chemical 


plants who want complete and up 
to-date information 

Gears, pinions, bearings, mechanical 
belc fasteners, screws, pulleys, elec 
trical resistance elements, thermostat 
ferro-magnetic and 
high-temperature metals and alloys, 
are described in’ detail, Numerous 
tables of data are included 


580 pages, illustrated, $10.00 


bimetals, springs, 


Covers the many problems 
of hardness testing 
of metals and other materials 


ntation 


Inde 


INDENTATION 
HARDNESS TESTING 
By Vincent E. Lysaght 


This new book describes the instru 
ments in most common use the 
Brinell, Rockwell, Scleroscope and 
Diamond Pyramid, as well as those 


used for specialized types of hardness 
tests. The author evaluates the ad 
vantages and disadvantages of each 
test and gives complete specifications 
covers the recent ad 
held and the work of 
committees of the 


for each He 
vances in the 
present hardness 
leading technical societies 

Whether vou are a metallurgist, a 
testing machine operator 
or a student, you will tind much of 
value story of hard 
ness testing. The more advanced stu 
dent and research investigator will 
find suthcient theory to afford a com 
wrehensive basis for practical hardness 
The plan, scope and simplic 
ity of language make the book ad 
mirably suited for a text in 
offering courses in metallurgy 


290 pages, illustrated, $5.50 
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n the United Kingdom BRITISH-AMERICAN RESEARCH, (TD 


is 
High Vacuum 
Furnace... 


may mean far longer life 
for Gas Turbines 


Designed and built by National Research, this new 
high vacuum furnace will be used to explore new 
properties of molybdenum . . . may well hold the 
answer to the need for a tougher, more heat resistant 
material for gas turbines. Now at Battelle Memorial 
Institute, ic was developed for the Navy Bureau of 
Ordnance under the technical direction of the Applied 
Physics Laboratory of the John Hopkins University. 


This is but one more example of how high vacuum 
equipment is being used to solve research and com- 
mercial metallurgy problems . . . to produce purer, 
stronger, better met tals. Vf you have a problem in heat 
treating, sintering, degassing, bright soldering, metal 
distillation, brazing, thermal reduction, melting or 
casting ... high vacuum may hold the answer. 


As the pioneers in high vacuum 
work, we have unparalleled 
experience to help you with 


’ your research . . . to 
me design and build the 
laboratory or commercial 


equipment you need. 
Why not write today! 
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> EQUIPMENT co APPLIED PHYS 


Research 
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Seventy Memorial Drive, Cambridge, Massachusetts 
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You can make them better with 
COLD-FINISHED 


The original 
Free Machining Cold-Finished 
OPEN HEARTH STEEL 


%* Available in a range of grades to suit a wide 
variety of applications. 

%* Supplied as cold-drawn or cold-drawn-with- 
metallurgical-processing, which includes special 
tempering. 


Typical Jalease analyses are found in the A.L.S.1. 1100 
series. The usual manganese content is 1.000), to 1.65¢7 
J&L, as the originator of these grades, can give you the 
beneht of years of know-how in the making of steel and rhe 
application of Jalease to your particular requirements. 

Some part you are now making can be made better 
from Jalcase with savings in money and time. Write 
us for a copy of “You Can Make Them Better With 
Cold-Finished Jalcase.” 


JALCASE STEEL IS QUALITY CONTROLLED FROM 
OUR OWN MINES THROUGH THE FINISHED PRODUCT. 


Jones & LAUGHLIN Corporation 


far Ms Gen raw materials, PRINCIPAL PRODUCTS: HOT ROLLED AND COLD FINISHED 
carbon steel products arteed a, BARS AND SHAPES + STRUCTURAL SHAPES + HOT AND COLD 
certain products tim OTISCOLOY ROLLED STRIP AND SHEETS e TUBULAR, WIRE AND TIN MILL 


and JALLOY (As-tensile steels). PRODUCTS ‘*PRECISIONBILT’’ WIRE ROPE COAL CHEMICALS 


Jones & Laughlin Steel ¢ orpotanion 
445 Jones & Laughlin Building 
Pittsburgh 30, Pennsylvania 


Please send me a copy of your booklet, 
“You Can Make Them Betrer With 
Cold-Finished Jalease.”’ 

NAME : 

COMPANY 


ADDRESS 
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CARBON ANALYSIS 


ELECTRONICALLY WITH 
NEW STANDARDS OF ACCURACY 


@ Ready in the morning in 57 seconds. Instantly from then on. VOLUMETRIC 
@ 00% less power consumption. GRAVIMETRIC 
@ No limit on temperatures. 

@ Glass combustion tube provides visibility of operation. Carbon fr 

@ Combustion tubes at half the cost, last many times longer. Steel 

@ Shorter tube advantageous for volumetric method. Saya Cast Iron 
@ No elements to burn out. Alloys 

@ Heats nothing but the sample. Stainless 


@ Eliminates excess heat from laboratory. 


For further details ask for Bulletin 910. 


LINDBERG invporatory division 


Lindberg Engineering Company « 2466 West Hubbard Street « Chicago 12, Illinois 
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PROFESSIONAL SERVICES 


Limited to AIME members, or to com 

panies that have at least one AIME 

member on their staffs. Rates $40 per 
year per inch 


ENGINEERS 
METALLURGISTS 
CONSULTANTS 
Small Jobs Welcomed 
SAM TOUR & CO., INC. 
Laboratories and offices 


44 Trinity Place 
New York 6, N. Y. 


Deal With Confidence 


Where you see this s gn 


For Sale 


ELecTRIC MELTING FURNACE 


Top charge 94+. diam. shell, with 2500 
KVA transformer. Very little used, in 


good condition 


FRANK B. FOSTER, INC. 


2217 Oliver Bidg Pittsburgh 22, Poa 


Cc. L. MANTELL 
Consulting Engineer 
Tin Metallurgy 
Electrochemical Processes 
451 Washington Street 
New York 13, N. Y. 


MAX STERN 
Consulting Engineer 


Expert for Scrap Recovery and Shipwrecting 
Modernization { Plants and Yards for 
Ferrous and Nonferrous Metal Scrag 


150 BROADWAY NEW YORK 7, N.Y 


LEWIS LINDEMUTH 


STEEL PRODUCTION 


R. DEAN LABORATORIES, INC 
Consulting, Research Development 
Chemistry, Electrochemistry, & Metallurgy 
Laboratory Research on a Contract Basis 
5810—47TH AVENUE AP.282) 
RIVERDALE, MD. 
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the staff of the Magnesium Lab. Dow Chemical Co 
Mr. Busk has previously presented an AIME paper. 
His hobby is woodworking and golf is his chief pas- 
time. ... M. F. Hawkes (p. 307); born in Los Angeles, 
and attended high school in Fresno, Calif. Received 
B.S. degree from Univ. of Calif.. and MS. and DSc 
from Carnegie Tech. He is a member of AIME and 
lives in Pittsburgh. Was with Bethlehem Steel Co., 
Los Angeles, on the staff of the Metallurgical Dept 
of the steel plant, and currently Associate Professor 
at Carnegie Tech. Mr. Hawkes has previously pre- 
sented an AIME paper on Austenite Transformation 
in Cobalt Steels; Austenite Grain Size in Cast Steels 
His interests range from deep-sea fishing when in 
California to loafing in the sun in Florida, as well 
as softball, bridge and chess Cc. W. Sherman ‘p 
334); see November 1949 G. H. Enzian ‘p. 346); 
born in Forty Fort, Pa., attended high school in Wind- 
ber, Pa., graduating from Lehigh University with BS 
and Met. E. degrees. He is a member of AIME and 
now resides in Fox Chapel outside Pittsburgh. Began 
working in J & L mill as metallurgical inspector 
Became metallographer in Research & Development 
Div., and is currently Assistant Manager, Metal- 
lurgical Research. Mr. Enzian has previously pre- 
6. H. Enzien sented an AIME paper as co-author on Effect of 
Deoxidation on the Strain-Sensitivity of Low Carbon 
Steels. His major activities are hunting, fishing, golf 

R. Wachtell (p. 354); born in New York City and 
attended DeWitt Clinton high school graduating 
from Columbia University with B.S. degree. He makes 
his home in Mamaroneck, N. Y. Was for a time with 
Bureau of Standards; Metallurgist for Inspection 
Control Lab., at Republic Aviation Corp.; Metallurg- 
ist, Air Reduction Co., and at present Research Metal- 
lurgist with American Electro Metals Corp. Mr 
Wachtell’s hobby is model-making and photography 


M. F. Hawkes 


besides his interests in music as a flautist Ww. O. 
Philbrook ‘p. 361); born in Chicago, attended Hyde 
R. Wachtell Park high school and received degree of BS.-Chem 


from University of Chicago. Is a member of AIME 
and makes his home in Pittsburgh. Was routine 
analyst for Wisconsin Steel Wks., Int. Harvester Co 
for a time Research Chemist-Foreman of Metal- 
lurgical Div.; and currently Associate Professor Met 
S — Eng. and Member of Staff, Met. Res. Lab. Mr. Phil- 
brook has previously presented AIME papers on 
Basic Openhearth Steelmaking. His chief interests 
are fishing, fly-tying, bridge Kenneth M. Gold- 
man (‘p. 361); born in Pittsburgh, attended Fifth 
Avenue high school and graduated from Carnegie 
Inst. of Technology with degree of BS. in Metal- 
lurgical Eng. Is a junior member of AIME and lives 
Pittsburgh. Was student engineer at National 


K. M. Goldman in 


MALE HELP WANTED 


Chemist or chemical engineer, preferably with two 
or three years’ experience in extractive metallurgy or 


with experience in general industrial inorganic chem- 


istry. For investigational and developmental work on 
ore extraction processes. Give complete personal 
details in first letter (education, experience, etc.). 
Plant located in Southern Ontario. (Canadian only.] 


Reply to Box E-2, JOURNAL OF METALS 
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KODAK INDUSTRIAL 
X-RAY FILM, TYPE M 


In a light alloy casting such as this, the radio- 
grapher is interested in discovering microporosity, 
as well as other irregularities that might be present. 
This requires the highest possible visibility of 
detail. 

Therefore, Kodak Industrial X-ray Film, ‘Type 
M, is chosen because this film has the highest con- 
trast and finest graininess of all x-ray films. 


RADIOGRAPHY 
IN MODERN INDUSTRY 


A wealth of invaluable data on 
radiographic principles, practices, 
and technics. Profusely illustrated 
with photographs, colorful draw- 
ings, diagrams, and charts. Get 
your copy from your local x-ray 
dealer—price $3. 


Radiography... 


another important function of photography 


X-Kay. 


Product: 
Gear housing 
Materia). 
Magnesium 
Thickness: 


Walls Vv 


Equipment - 
140-ky x_ 


arying in to 


ray unit 


A TYPE OF FILM FOR EVERY PROBLEM 


To provide the recording medium best suited to any 
combination of radiographic factors, Kodak produces 
four types of industrial x-ray film. 


Type M provides maximum radiographic sensitivity, high 
contrast, and exceptional detail under direct exposure or 
with lead-foil screens. It has extra fine graininess, and the 
speed ts adequate for examination of light alloys at average 


kilovoltage and for much milhon-volt radiography 


Type A offers high contrast with about three tunes the speed 
of Type M, but with shghtly more graininess. Used direct 
or with lead-foil screens for study of light alloys at low volt- 
ages, and of heavy steel parts with L000-ky x-rays or radium 


Type K has medium contrast with high speed. For gamma 
ray work and for x-ray work where highest possible speed is 
needed at available kilovoltage without use of caleium tung- 


state screens 


Type F provides the highest available speed and contrast 
when expose d to x-rays with calerum tungstate inte nsifving 
screens. Has wide latitude with either x-rays or gamma rays, 
exposed directly or with lead-foil screens. 


EASTMAN KODAK COMPANY 
X-ray Division - Rochester 4, N. Y. 


“Kodak” is a trade-mark - 
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Operator using the new 


No. 1506 


Sectron 


with No 


No 


speed 
of laboratory 


low 


1700 Flectro 


No. 1315 Press 


po 


Model 


lisher 


equipped 
1251 Duo Belt Sander 
Polisher 


1505-2AB Low Speed Polisher 
i 


THE BUEHLER LINE OF SPECIMEN 
PREPARATION EQUIPMENT 
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MACTHIINES @ SPECI 


MEN MOUNT PRESSES 
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PMERY 


7APER 


HAND GRINDERS 


SUEREACERS @ MECHAN 


SHING CLOTHS 
ABRASIVES 


Exclusive U S agents for Amsler 


AND ELECTRO POLISHERS 


POI 


OF METALS, FEBRUARY 


METALLURGICAL 
LABORATORY 
EQUIPMENT 


provides the metallurgist 


with the most complete line of 


modern de sie ne d precision 
machines for specimen mount 

avatlable any- 
This tinely 


equipment has been developed through 


ing and preparation 


where in the world mad 


a thorough understanding of the 
requirements of the metallurgist and a 


riwid MsisLance on rrection the 


mechanical design and construction of 


each item 


Evervthing needed for metallurgical 
testing from cut-off machines, moulding 


presses, and grinders to the mechanical 


or electrolytic polishers ts included in 


the Buchler line 


In setting up complece laboratories or 
adding items to present equipment the 
Buehler 


every- 


metallurgists will find in the 


line of coordinated equipment 


thing needed for producing the best 


work, with speed and accuracy. 


Write tor bulletin of new equipment or 
nformation on any specific nem, We invite 
correspondence relative to setting up com- 
plete laboratories suitable for any par- 


twular requirement 


and Chevenard Testing Machines 


A PARTNERSHIP 


METALLURGICAL APPARATUS 
165 WEST WACKER DRIVE, CHICAGO 1, HLLINOIS © 
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“Tube Co.; Junior scientist at Los Ala- 
mos, New Mexico, while in U. S. Army 
Corps of Engineers T/Sgt.; Research 
Asst., Metals Research Lab., Carnegie 
Tech.; currently full time graduate 
student in Metallurgy at that Insti- 
tute. His pastime is devoted to tennis, 
hiking and reading Martha M. 
Helzel ‘p. 361); born in Greensburg, 
Pa., attended high school in Jeannette, 
Pa.. and graduated from Seton Hill 
College, Greensburg, with B.S. degree. 
She makes her home in Massena, N. Y 
Was Chemist for Beech Bottom Power 
Co., Wheeling, W. Va.; and later Re- 
search Associate at Carnegie Institute 
of Technology. Miss Helzel's chief in- 
terest is collecting music records and 
pianist and singer in her own 
right C. G. Dunn (p. 368); born in 
Wenatchee, Wash., and went to Fer- 
gus County high school in Lewistown, 
Montana, graduating from Montana 
State Univ. with degree of B.A. and 
obtaining Ph.D. from University of 
Illinois. Is a member of AIME and 
lives in Pittsfield, Mass. Was graduate 
assistant at Univ. of Illinois, subse- 
quently becoming Physicist at General 
Electric Co., Pittsfield, dealing with 
research and development of magnetic 
materials. Mr. Dunn has previously 
presented a number of AIME papers 
His chief pleasures are bowling and 
photography C. E. Birchenall ‘p 
378). See January 1950 W. F. 
Craig, Jr. ‘p. 389); born in Winterset, 
Iowa and attended high school there 


is a 


Received B.S.-Chem. Eng. degree from 
Iowa State College. His home is in 
Chicago. Has worked for Carnegie- 
Illinois Steel Corp., Gary, Ind. as Re- 
search Metallurgist and now Super- 
visor, Ferrous Metals Research, Armour 


Chicago 
born in Ossin- 


ndation 


389) 


Research Fou 
J. P. Sheehan ‘p 


ing. N. Y., attended high school] there 
and received degrees of B.S. and MS- 
Met. from University of Kentucky and 
Notre Dame. He makes his home in 
Chicago. Has worked on the Ear Re 
search Project of University of Ken- 
tucky: was Quality Control Metallur 
gist for Republic Steel, and currently 


Research Metallurgist for Armour Re- 


search Foundation. His chief recrea- 
tion is golf D. J. Carney (p. 397 

born in Charleroi, Pa. and went to 
high school there. Attended Penn 
State, Carnegie Inst. of Tech. and 
Mass. Inst. of Tech., receiving degrees 
of B.S. and Se.D. and makes his home 


in Chicago. Was with Pittsburgh Steel 
Co., the Naval Research Lab., Carnegie 
Inst. of Tech., Mass. Inst. of Tech., Du- 
quesne, Clairton and South Works of 
Carnegie-Ilinois Steel Corp N. J. 
Grant ‘p. 397). See November 1949 
See September 
414 See 


D. C. Hilty «p. 414) 
1949 Ww. 
December 


Crafts ‘p 
1949 
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Engineering Societies 
Service 


New York 18 f 
Detroit + San Francisco; 
Chicago |. A t 


Positions Open 


Steel Metallurgist, preferred age 
35, graduate, metallurgist with solid 
experience and proven ability in in- 
dustrial research for responsible 
position steel section of research 
laboratory of large corporation. Lo- 
cation, northern New Jersey. Y2854 


Junior Metallurgist for metal- 
lurgical laboratory. Prefer man who 
has had some experience but will 
censider recent graduate. Will be 
trained in mill processes and de- 
velopment work. Salary, $2912 a yr, 
with an automatic increase in 90 
days. Location, Connecticut. Y2862 


Powder Metallurgist, degree in 
chemical engineering or chemistry, 
for development and _ production 
work and with two to three years’ 
experience in either this field or in 
precious metals. Salary open. Loca- 
tion, northern New Jersey. Y3146 


Men Available 


Research Metallurgist, 40, mar- 
ried, excellent background in ex- 
tractive and physical nonferrous 
metallurgy with broad experience in 
instrumental analysis. Some ex- 
perience in machine design. Desires 
responsible position in research or 
production. M-501 


Metallurgist. BS. in MetE. also 
Chem., age 31, married. Twelve 
years’ business experience in con- 
struction, warehousing and trans- 
portation. Desires position afford- 
ing experience in production or re- 
search. Prefer western U. S. M-502 


Steel Sales or Commercial Re- 
search, BS. in metallurgical engi- 
neering, 37. Four years’ in open- 
hearth steel plant and rod and wire 
steel mills as assistant metallurgist;: 
4 yr as naval officer; 7'2 yr as sales 
engineer of general steel products 
to Midwest industries, sale of wire 
rope and sucker rods in oil fields 
Midwest or South preferred. Others 
considered. M-503-121-Chicago 


‘ When vou buy any of the 
products shown oa this page tor 
furnace or mill or torging tloor, at 
will pay you to specity BROSILS 
Wherever vou see the well-known 
mark of BROSIUS, you ll tind equip 
ment keenly and specitcally designed 
to do the best job uwcording to the 
needs of the plant tor which it was 
rtended vou ll tind burlt 
and sensibly engineered machinery 
Fo operate and maintain. Write 
without obligation for detailed in- 
formation on any BROSIUS product. 


Call on us today. 


> = * Clay Guns 


NI-RESIST... 
AN ECONOMICAL METAL 


for resisting Corrosion, Erosion 


Nir sist" is the trade name of a high nickel cast 
iron — one of the most economical corrosion-resist- 
ant engineering materials ever developed. 

Ni-Resist, mechanically similar to gray iron, and 
resembling austenitic stainless steel in many char- 
acteristics, provides a unique combination of prop- 
erties at moderate cost... 


RESISTS CORROSION 


Ni-Restst resists corrosive attacks of acids, alkalies 
and sa/ts to a degree unmatched by any other prod- 
uct of the cast iron industry. In strong corrosives it 
has 20 to 200 times the resistance of plain iron, and 5 
to 50 times the resistance in mild environments. 


CURBS WEAR 


Ni-Resist reduces wear and galling, because graph- 
ite particles are distributed throughout its structure, 
as in gray iron. From this, and its work-hardening 
characteristics, come the superiority of Ni-Resisi 
castings for components in metal-to-metal wear 
service. 
CHECKS EROSION 

This superior Wear-resistance ... together with in- 
makes Ni-Resis1 


an outstanding material for curbing erosion by 


herent resistance to corrosion ... 


liquids and slurries. By long, trouble-free control 
of erosion, Ni-Resist castings reduce maintenance 
costs, production tie-ups and the expense of re- 


placements, 
WITHSTANDS HEAT 


Although primarily used to resist corrosion, ero- 
sion and metal-to-metal wear ... Ni-Resist is also 
specified for resistance to elevated temperature ef- 
fects. Castings of Ni-Resist show up to 10 times bet- 
ter scaling resistance, and up to 12 times better 


THE INTERNATIONAL NICKEL COMPANY. INC. 
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and Metal-to-Metal Wear 


growth resistance than those of plain iron at 1300 


to 1500°F. 


MACHINABILITY and OTHER PROPERTIES 


N)-Resist of normal hardness machines like 200 
BUN gray iron and is readily weldable. 


N1-Resist has high specific electrical resistance. 
Thermal expansion can be controlled, from 60 per 
cent higher than that of plain iron to a low approxi- 
mating that of Invar. 


Nt-Resist is usually lower in cost than most other 
corrosion-resistant alloys. It is produced by author- 
ized foundries only, in all industrial centers of the 
country. Ni-Resist castings have no more limitations 
in size and complexity than those of any gray iron. 


APPLICATIONS 


Several types of Ni-Resist are available. All pro- 
vide the fundamental preperties described above, 
and differ only in certain special characteristics to 
meet a variety of industrial demands. 

Applications include: Salt filter drums, oil refin- 
ery tube supports and headers, turbine nozzle rings, 
cylinder liners, valves and fittings, furnace rollers, 
textile rolls, comminuter parts, blow pit pipes, pre- 
cision machine tool spindle heads, bridge, and work 
supports, magnet housings, sugar retorts, etc. 


FULL INFORMATION 


May we send you two booklets? One, entitled, 
“Engineering Properties and Applications of 
Ni-Resist,” includes corrosion data on Ni-Rests1 
and cast iron under 400 different corrosive con- 
ditions. The other, entitled, “Buyers’ Guide for 
Ni-Restst Castings,” lists producers of Ni-Resis1 
castings. Both are yours for the asking. Write for 
them today. 


67 WALL STREET 
NEW YORK 5, N.Y. 
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Journal of Metals RE PORTER 


* The greatest and richest iron ore body in the world was discovered by U. S. Steel 
in Venezuela in April 1947 and is disclosed for the first time in this issue (p.222). 
One solid mountain of ore, Cerro Bolivar, will furnish more tonnage than the famous 
Hull-Rust pit at Superior has or ever can. Total resources are on the order of 1-1/2 
billion tons plus. 


Big steel is now moving with great speed on construction to bring out this ore, 
and 10 million tons are scheduled for shipment into Baltimore and Birmingham by late 
1952. This ore will arrive at Pittsburgh at a price lower than present natural ores 
from Superior. The Venezuelan properties will be completely mechanized. — 


* U. S. Steel and independent companies are embarking on a taconite beneficiation 


program of tremendous proportions which must be speeded to completion in the 1950's. 
(see p. 222). 


to solve the U. S. iron ore crisis. In addition, U. S. Steel will spend another $300 
million plus for a new steel mill at Trenton, N. J. before 1955. 


* New data on the effect of varied melting practice in electric arc-furnace steels on 
hydrogen content are given by Sam Carter (p. 245). 


* Effect of inductive stirring during the reducing period, the effects on refractory 
linings and economic aspects of its use are shown in detail on p. 256. 


* New experimental data on the manganese equilibrium in liquid steels under simple 
Slags are given on p. 34l. 


on the properties of low-carbon steels, according to G. H. Enzian, (p. 346). 


* A SO pet non-cobalt alloy, prepared by powder metallurgy methods, exhibits optimum 
magnetic properties when heatreated in a magnetic field. Small amounts of nickel 
appear to be detrimental. (See p. 287). 


* Direct extrusion of magnesium-alloy powder is described (p. 297) and used to produce 
four new alloy types by controlled solid-state diffusion. 


* On Dec. 23 the French celebrated the start of a large continuous mill project by 
the Societe Lorraine de Laminage Continu (SOLIAC), financed with ECA dollars. A vast 
heavy industrial project such as this to offset resurgence of the German Rubr has long 


been a French dream. 


Meanwhile, in Germany, the Thyssen works, once the largest iron and steel plant in 
Europe, has had its steel capacity reduced to 117,000 tons whereas its pig iron capacity 
has been left at 600,000 tons a year. The Germans ask for retention of at least one 
blooming mill, now dismantled and crated for delivery to England. The Ruhr's only 
broed continuous mill has been sent to Russia. 


All indications are that the Adenauer government in western Germany will succeed 
in eliminating the 11.1 million-ton restriction on steel output and will secure juris- 
diction over the reorganization of the Ruhr steel trusts, which German experts are at 
present being required to carry out under Lilitary Government lew 75. If so, an 
effort will be made to secure American or Swedish capital to rebuild the Ruhr with 


modern equipment to take the place of the outdated facilities thet the victorious 
Allies so busily hauled awey. 
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AN. 17—In what appears to be a general spirit 
of post-Christmas emotional malaise, most 
adult Americans have bidden farewell to the 
Forties and turned with no perceptible enthusi- 
asm toward the Fifties. The dying decade had 
started amid a phoney war which verged on the 
romantic. stirred the pulse with excitement and 
seemed far away. A phoney peace dominates the 
new decade. The romance is no longer there Nor 
is the excitement. Nor is the distance 

While most of the world preferred to be chron- 
ologically correct and hold off for another year 
before celebrating the demise of the first half of 
the twentieth century, the United States with 
true competitive enterprise and a great whirl of 
words scurried into the second half a year early. 
This undue haste might perhaps have been dic- 
tated unconsciously by a yearning for the pattern 
of history to be repeated. For many centuries 
ever since Roman times, the second half of most 
centuries tended to be far more tranquil than the 
first half 

In Washington, Mr. Truman got on both sides 
of the mid-century line with all the aplomb of a 
good politician. He told Congress early in Janu- 
arv that “the state of the Union continues to be 
good,” as it nears “the midpoint of the twentieth 
century.” Later he spoke of moving forward into 
the second half of the century. He promised an 
infinitely better life for everyone whichever side 
of the mid-century line, and reaffirmed his pre- 
scription toward that end: assistance for small 
businesses: more houses for the middle-income 
groups; tougher anti-monopoly laws retention of 
rent controls; development of natural resources, 
better insurance against the hazards of old age, 
idleness and unemployment; better medical care 
and education, civil rights legislation; new labor 
relations law and production payments to sup- 
port farm incomes. All this was to be coupled with 
suggestions on how to balance the budget 

The bloody and confusing 1940's had brought 
to most men’s minds a fear of the future such as 
thev had not known for centuries, and Mr Tru- 
man’s objective is to temper that fear. Only time 
will tell whether the terminal point of such a 
philosophy would or would not belie the old Eng- 
lish proverb citing inability to both eat and have 
a cake 

Brave words to the contrary, the national budget 
persisted in sliding off into the red. The smell of 
further inflation was equally persistent. And just 
to impart a little more zip to the trend, the Amer- 
ican Federation of Labor announced its inten- 
tion of seeking “substantial” and ‘large” wage 
increases this year. The AFL forewarns of a busi- 
ness slump after June and a 10¢ an hr wage in- 
crease for each worker “will be enough to reverse 
the prospective downward trend and start a rise 
Thus it goes—“the way to halt a drop in demand 
for labor is to raise the price of labor.” 

Elsewhere in the harassed world, beleagured 
individualists in New York achieved a local tri- 
umph of sorts for one of the free doms denied by 
the Soviet and Nazi systems—the right of escape 
some escape at least, from the servitude to deci- 
bels. Grand Central Station weakened perceptl- 
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bly at Christmas on its 5-min commercials and 
bore down heavily on “Hark, The Herald Angels 
Sing.” and on New Year's Day capitulated en- 
tirely by abandoning the broadcasting of canned 
music and slugs of advertising slogans In Eu- 
rope, M. Bidault’s Assembly majority fell away 
and newspaper accounts of the incredible mon- 
strosities of political trials beyond the iron cur- 
tain were supplanted by headlines marking the 
birth of Princess Yasmin. The latter Was sur- 
rounded by Byzantine splendor but otherwise 


_ a | 
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showed no apparent deviation from the accepted 
norm. In Western Germany, Dr. Adenauer began 
to speak up more boldly, and the whole fabric of 
Allied policy towards the defeated enemy fur- 
ther dissolved under the impact of rivalry W ith 
the Russians. In the Far East both the Ameri- 
eans and British seem somewhat embarrassed by 
Chiang Kai-shek’s refusal to lie down Dual 
thinking regarding the “squalid and useless 
struggle in the China seas” is such that news- 
papers give sympathetic accounts to an American 
ship running supplies to the Communists at 
Shanghai while calling for help for the recog- 
nized Chinese government in Formosa. And with 
Britain recognizing Communist China they may 
well have to team up with Russia against the 
United States to kick the Chinese representative 
off the UNO Security Council, the Far Eastern 
Commission and the Allied Council in Tokyo 

Far Eastern policy has never been a bipartisan 
matter and as General Chiang retreated to his 
final redoubts in Formosa and Hainan, a num- 
ber of Republicans pecked away at Administra- 
tion lassitude. Senator Smith advocated the oc- 
cupation of Formosa and Messrs Hoover and 
Taft asked for use of the Navy. Mr. Acheson has 
stood firm, however, against military aid. None 
the less, a study will be made of the Generalis- 
simo’s chances. Mr. Truman has a private purse 
of $75 million for the Far East and some $94 mil- 
lion in frozen ECA funds. Mr. Truman will likely 
trade some of this money for support of new Mar- 
shall plan appropriations, always mindful, of 
course, of Mr. Acheson's plan to drive a wedge 
between the Chinese and Moscow, and his wish 
to avoid any revival of imperialist nightmares 
throughout the Orient. Mr. Acheson is very con- 
vineed that the victories of Communism in China 
will be short-lived and South Asia will not fall 
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under the Soviet yoke if the West can win the 
friendship of the independent Asiatic people and 
convince them that real efforts are being made 
for their welfare and progress. It is tact and hu- 
man understanding in official and unofficial con- 
tacts, and also Mr. Truman’s Fourth Point, which 
will tip the balance and stem the communist 
flood—not the mailed fist. 

In Britain an electorate is getting readied for 
a general election in late February, the first since 
1945. Despite the steady victories in local by- 
elections, the tide has tended to run steadily 
against the Labor Party. Ever since 1945 Dr. 
Gallup's British Institute of Public Opinion has 
periodically asked the question: “If there were 
a general election tomorrow, how would you 
vote?” The results are shown here in graph form. 
While Mr. Truman all too recently proved that 
election prediction is indeed an unproductive oc- 
cupation, Dr. Gallup’s figures have been accorded 
enough recognition to wring most of the op- 
timism out of Labor politicians. 

While England debates the merits of Socialism, 
the eyes of Western Europe continue to stray 
across the iron curtain with a certain degree ol 
fascination. In Moscow the “genial father of hu- 
manity” celebrated his seventieth birthday amid 
an orgy of idolatrist vulgarity, mass obeisance 
and orations of flattery running the entire gamut 
of the richest superlatives of the Russian lan- 
guage, all interlarded with some genuine respect 
and sincere personal feeling. Only in Tito’s Yugo- 
slavia was the great day ignored—-perhaps there 
all energy is being hoarded for a bang-up com- 
petitive celebration on May 25, Tito’s birthday! 

Stalin’s birthday was marked by orations by 
Politburo members, all written by central head- 
quarters and therefore indicative of the grand 
strategy of communist thinking Apparently 
Stalin fully intends to prove anew the astonish 
ing longevity of Caucasians, and furthermore, 
has no intention of retiring to an elder states- 
man role. He is and will be the master-mind be- 
hind unrelenting pressure on western countries. 
The revolution must not be permitted to lag. 
Flexibility and cunning are to mark all relations 
with the capitalist countries and attempts will be 
made to split the western bloc by dangling before 
the United States offers promising bans on 
atomic weapons and agreements to divvy up the 
world into spheres of influence 

Down in Bulgaria the testimony released on 
the trial of communist Secretary-General Kostoy 
indicates that the Soviet world is far less strong, 
far less monolithic than its champions claim 
Apparently Kostov, a long-time dependable Com- 
intern agent, refused at times to sell exclusively 
to Russia when better prices could be obtained 
for certain products in Europe. He also consid- 
ered accepting Marshall aid and tended to view 
Tito’s Yugoslavia as having “a sober and realis 
tic policy.” In satellite Russia such thinking leads 
straight to the hangman's noose. Kostov’'s fail- 
ure to stick by his “confession” in the trial parody 
in the Military Club ballroom so infuriated and 
confused the functionaries as to make them 
speechless for 48 hr, until Pravda laid down the 
line by describing him as a “shrewd, experienced 
and determined enemy soft and oily voice 
cunning eyes of a thief.” Pravda also derided 
Kostov’s “bent back,” not mentioning that the 


hunchback dates from 1924 when, as a commu- 
nist organizer, he threw himself from the Sofia 
police building roof to escape torture. Elsewhere 
around the Russian periphery other nooses are 
being readied for other “diversionist” communist 
necks 

Back in the United States the stock market 
jumps around while industry as a whole operates 
steadily at its best level since last spring. Order 
books for most consumer goods are well filled; 
the steel industry is working at forced draft to 
plug up strike-reduced inventories, coal stocks 
need replenishing, and Detroit is scheduling 
higher activity for early 1950 than in the com- 
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parative 1949 period. Construction contracts re- 
main very high. As the Treasury starts paying 
$2.8 billion of insurance premium refunds to vet- 
erans, there is every indication that industrial 
output during the winter will inch further up- 
ward. 

As for base metal prices, the release of infla- 
tionary pressures is such that a general rise in 
nonferrous prices is not out of the question. In 
most base metals, excepting tin, American de- 
mand has recovered along with a firming in 
price tone. Consumption of copper has been 
maintained at a high level and deliveries from 
producers and custom smelters are heavy. The 
streneth of the market is best gaged by harden 
ing in the copper scrap market. Lead scrap and 
the forward price of zinc have also tended to rise 
Tin, however, has persistently strayed to the 
downward side, with prices virtually dictated by 
the RFC which sells the output of the Texas 
smelter. Recently the British Ministry of Supply 
transferred 3,000 tons of tin to New York for the 
spot market, only to be met by the RFC an- 
nouncement that it would be adjusted to compete 
with tin imports. So far the British government 
has shown no tendency to undercut the market 
and dispose of its stock. As other importers bring 
in supplies, however, the tin market is liable to 
show some of its prewar competitive dash and 
vigor 
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Saga of an Iron Ore Crisis Averted 


by T. W. Lippert 


Manager of Pub 


py fancies herself the “pearl of the An- 
4 tilles” and, by many, Jamaica is called 
blessed.”” But far to the southward lies what is 
seemingly the Caribbean's most glittering jewel 
the sparsely-settled, Spanish-speaking United 
States of Venezuela, indeed blessed by nature toa 
lavish degree. Not a large country, Venezuela is 


leaping from the donkey to the airplane under 


the impact of its natural wonders. Angel Falls 
dwarfing Niagara and seldom seen by man, is 
hidden in the cold, primitive and unexplored 
Guiana highlands along the southeast border. A 
few hundred miles northwest are the low and 
torrid coastal plains from which gush unlimited 
black-gold streams of oil. About midway are the 
l low savanna-type rasslands, be- 
neath which large deposits of bauxite are as ye 
barely touched by the explorer’s diamond drill 
And jutting starkly upward 2000 ft from a sur 
rounding expanse of savanna is a small moun 
tain (see front cover), 1] miles long and 1 mile 
wide. It is, or was, La Parida 


Picture above shows the topmost tip of Cerro Bolivar. 
The road (for diamond drills) was blasted out of the 
richest of solid iron ore. Shed is a pumping station 


This is the first disclosure that over half of 
La Parida is solid iron ore of almost unbelievable 
purity—by all sober estimate the richest and 
greatest iron deposit in the history of the world! 
rhe U. S. Steel Corp. has La Parida under de- 
nouncement for 100 yr, and its discovery was the 
terminal point of the most far-flung and greatest 
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of all ore searches, and also the quietest. Both 
the discovery and the plans being rushed for- 
ward for its development constitute a classic ex- 
ample of free enterprise at its very finest 
daring, imaginative and responsible. Within 
a few years this little mountain will be exerting 
a profound influence on the American steel in- 
dustry and the entire American economy. Its 
existence certainly brightens the long-term mili- 
tary potential of the United States. The only pos- 
sible jarring note in as dramatic a record of geo- 
logical derring-do as anyone could wish for— 
hardly worth a quibble perhaps—is that La 
Parida (in prim translation “a new mother”), 
after being delivered of her first ton of iron ore 
for experimental tests, has found herself both 
re-sexed and re-named Cerro Bolivar. To the 
nidwives, a solid, masculine hero’s name is none 
too fitting for a mountain soon to rank with 
Mesabi in the lexicon of steel 

These last few years, amid all the turmoil of 
postwar strikes, investigations, and insatiable 
demands for production, the steel industry has 
occasionally twisted around to stare uneasily at 
the six great Superior ore ranges. Like Alice in 
Wonderland, these ranges seemed to shrink and 
grow with disconcerting rapidity, depending on 
whether the reserves were being estimated by 
Mr. Barloon of Western Reserve University or 
Mr. Randall of Inland Steel Co. From out of the 
blue have come fitful showers of statements re- 
garding Taconite, for the most part statements 
barren of any real substance. There were reports 
of Bethlehem opening a new ore pit in Chile, of 
Bethlehem and the U. S. Steel Corp. in Venezuela, 


. 
erro 


and of Republic in Liberia. Up in Labrador, 
Hanna-Hollinger have mixed a succession of ore 
discoveries and dramatic press relations with 
exemplary skill. And down near Trenton, N. J., 
the U. S. Steel Corp. a few weeks ago announced 
acquisition of 3800 acres of farm land—quite pos- 
sibly for a 2 million-ton steel mill within a few 
years, not in perhaps 10 yr as has been the gen- 
eral press assumption 

These individual events may seem only casu- 
ally related, the usual cut and thrust of economic 
enterprise. But just like beads on a string, they 
all fit together. And by far the biggest bead on 
the string is the U. S. Steel Corp.’s Cerro Bolivar 
Within four years shipments into Birmingham, 
Youngstown, Pittsburgh and Trenton could be 
coming out at the rate of 10 million tons annu- 
ally, to be stepped up later to 15 million tons, 
all the richest type of blast-furnace grade. And 
hard openhearth charge ore, a really scarce 
grade already 800,000 tons a year in short supply 
in the Pittsburgh area alone, is scattered in very 
generous lenses over U. S. Steel's eighteen de- 
nouncements and six concessions. 

This article tells for the first time the story of 
Cerro Bolivar, a story of men and events which 
sometimes reaches into the suburbs of improb- 
ability. This article also tells of the other beads 
on the string, all components of the future iron 
ore supply of the United States—Taconite, Lab- 
rador, the various ore deposits around the peri- 
phery of the Atlantic Ocean, and of course the 
historic ore ranges of the Lake Superior area. 

Stretching across northern Minnesota, in an 
extended sheet, 100 miles long and several miles 
wide, lies a primitive iron formation, Taconite, 
of which the Lake Superior iron ranges were 
formed. There is not one Taconite but many 
types of complex mixtures of hematite, mag- 
netite and waste. At best it is one-third iron 
and two-thirds waste. Sprinkled here and there 
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in the Taconites, like rich raisins in a poor cake, 
are the high-grade ore pockets, the fabulously 
rich (at one time) Cuyuna, Mesabi and Vermil- 
lion ranges. The sheet of Taconite rises again 
in southern Ontario and a few more not-so-very- 
rich raisins stick out (Michipicoten, Gunflint, 
Atikokan ranges, ¢¢ al) with Goulais the most re- 
cent finding in this area. (Algoma Steel Corp. 
just recently proved 50 million tons of magnetite 
minable by open-pit methods along the Goulais 
River.) Another short jump and there is a small 
rich outcrop at Steep Rock (Inland Steel is seek- 
ing additional deposits in this area), after which 
the Taconite falls away only to rise again along 
the far distant boundary line between Labrador 
and Quebec, which represents the last remaining 
large-sized explorable iron range in North Amer- 
ica. Here the raisins pop out all over the place, 
relatively small pockets of rich ore outcropping 
over an area some 85 miles long and 15 miles 
wide. The best raisins are on the Hanna- 
Hollinger concession and their exploration has 
generated successive waves of publicity. This 
whole band of ore, from Fort Chimo on cold and 
desolate Ungava Bay down into Wisconsin, pos- 
sesses iron formations of great similarity and was 
undoubtedly created in the same geologic age 

When Benjamin Franklin pressed down hard 
with his “strong red line” at the Treaty of Paris, 
it was Providence assisted by blind good fortune 
that set the ragged Canadian-American boun- 
dary line north of the Mesabi, Vermillion and 
four other fabulous iron ranges, which were dis- 
covered almost a hundred years later. Of late, 
with discovery of the Labrador pockets, historical 
justice at long last seems to be swinging a little 
toward a more equitable balance, but even so 
there is nothing in Labrador resembling the fab- 
ulous Hull-Rust pit at Hibbing, Minn 

Since the early 1900’s over 80 pct of the na- 
tion’s iron ore has come from the few pits in 
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Cerro Bolivar compared in area with the champion of Lake Superior open pits, Hull-Rust-Mahoning. 
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the Lake Superior district. The country has been 
built and two world wars fought and won on the 
rich, easily-mined ore from these ranges, with 
the Hull-Rust pit carrying a large portion ol 
the load. Since the ranges were first worked 
there has been available “unbounded” and “un 
limited” iron ore, rich and for the most part 
ypen-pit. It is somewhat ironical to note that 
back in 1913 the U. S. Steel Corp. considered 
itself so burdened with iron ore that it hastened 
to rid itself of the “Hill Lease” containing well 
over 300 million tons. In the mid-1930's many 
steel companies chafed under the tax loads 
levied against their ore properties and foresaw 
no ore problem for their children or even their 
children’s children. Even as late as 1939 many 
steel companies viewed ore reserves primarily 
as an embarras de richesses, but the U. S. Steel 
Corp. began shaking itself loose from the uni- 
versal somnambulism and announced its willing 
ness to sell ore in the open market. This his- 
toric move is a good case study of responsibility 

it was a basic decision to share greater reserves 
with the remainder of the industry. Some 52 
million tons of ore has been sold to all comers 
If depletion and crises were to be the end result 
at least everyone in the industry would approach 
that grim accounting at about the same time 

The second world war chopped 340 million 
tons of the highest quality reserves out of the 
pits, and a couple of years ago C. M. White, presi 
dent of Republic, gloomily announced that no 
more wars were ever going to be fought otf Su- 
perior’s natural ores. He might just as gloomily 
have announced that there werent many more 
years of peacetime prosperity left in the Su- 
perior pits. Nature’s lush legacy had been spent, 
and many a directors’ room echoed to grim fore 
bodings, although on the surface the attitude 
was one of calm confidence. The safety of the 
country, the prosperity of the country and the 
preeminence of the American steel industry were 
approaching the cross-roads, and the disinclina 
tion to engage in barren controversy and discus 
ion in public was based not on a Micawber-like 
attitude that “something will turn up,” but genu 
ine confusion as how to develop the technology 
and raise the great sums of money necessary to 
fend off the crisis 

The usable iron ores in the Lake Superior dis 
trict, at present rate of consumption, will be 
totally exhausted in about 1963 for Independent 
companies and in about 1970 for the U. S. Steel 
Corp. And the assumption in some quarters that 
there are some hidden reserves being held back 
for tax reasons is a piece of dangerous wishful 
thinking 

As of Jan. 1, 1950, the natural iron ore reserves 
of the Lake Superior district amounted to 1290 


million tons. Of this quantity the U. S. Steel 
Corp. held 690 million tons (53.5 pet). Among 
the Independent National Steel is by far the 
best off. whereas one major steel company has 
less than 20 millior ‘ in reserve and severa 
others have le than 40 million tons each. A) 
additional discouraging factor ts that ope pit 
reserve (the easiest to skim off during a war 

have fallen to 70 pe of the total reserve in 
the industry must of necessity face up to more 
and more costly burrowing underground to get at 


their ore 
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Some thirteen to fifteen years yet to prepare 
for total exhaustion might seem to many an 
outsider to present perhaps a rather reasonable 
breathing spell in which to somehow lick the 
problem. The task, however, is definitely not one 
for the next decade. It has demanded immediate 
solution. As a military compulsion alone some of 
the free-shipping ore remaining in several Su- 
perior pits should perhaps be frozen as a national 
emergency stockpile. With little over 1 billion 
tons up there, and conscious of the fact that 
nearly 15 billion tons were required in the last 
war, the situation becomes one that might ad- 
versely affect the life and future of each citizen 
Further, if some optional source of metallics is 
to be devised, the tremendous capital investment 
required had better be scaled over as long an in- 
terval of time as possible, not come in one fell 
swoop. Even at best there will have to be some 
finger scratching along the bottom of the money 
barrels to carry the investments in prospect 
Thirdly, and very important, indeed, steel com- 
panies must know where their metallics are com- 
ing from 15 yr hence in order to determine what 
equipment to build now and where to locate it 
Costly cre boats cannot be constructed now only 
to have no cargo to haul before they have out- 
lived their economic life. The same applies to 
blast furnaces, openhearth shops and rolling 
mills, which, if mislocated, could easily sink a 
steel company financially when the going got 
tacky 

The only two ore options available have been 
first, to devise some technically and economically 
practicable method of exploiting the huge Taco- 
nite deposits of the Superior region and, second, 
to go to foreign sources for ore. And, quite ob- 
viously, the Taconite challenge (Comparable in 
scope, complexity and cost with the war-time 
synthetic rubber program.) must be met, for 
a great nation like the United States with the 
world’s largest steel industry tan hardly risk 
drifting into a position of complete dependence 
on ore sources in foreign countries 

There’s iron from which to make steel in the 
Taconites of Lake Superior—plenty of it, many 
billions of tons. This truism has led to a variety 
of public statements that the country has plenty 
of ore and that any concern is unwarranted 
But the winning of usable iron from Taconite in- 
volves technical problems of such complexity 
that until very recently the huge sums of money 
required in capital investment and operation 
made a very large increase in the selling price of 
teel seem inevitable. It would be questionable 
whether the country’s economy could stand such 
an added load, for industrial health over the past 
half century has been based in great part on the 
availability of large quantities of cheap steel 

Taconite is a mixture of hematite and mag 
netite crystals held in a matrix of rock which 
may be original or partly (or completely) decom- 
posed. In most instances the waste accounts for 
ibout two-thirds of the total bulk, and since all 
nn is usually not recoverable, it is necessary 
o mine close to 4 tons of material to get 1 ton 
of iron There can be proportionally a little 
hematite and a lot of magnetite, or vice versa 
The crystal size of either iron mineral can vary 
in any variety of combinations, and the propor- 
tion of ore to waste material can vary from in- 
finitesimal to a rather respectable figure 
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All pilot plants to date handling Taconite ap- 
proach the problem in pretty much the same 
way. The Taconite is ground to a fineness dic- 
tated by the crystal size of the magnetite, and 
the magnetite is separated from the powder by 
passing over a drum or belt-type magnetic sepa- 
rator. The hematite goes along with the waste 
in the tailing. Then this powder must be recon- 
stituted or agglomerated in some manner—nodu- 
lizing, sintering, pelletizing—to get a lump suit- 
able for blast furnace charging containing about 
63 pct iron. Obviously the most desirable type 
of Taconite should have, say, two-thirds of its 
iron in the form of magnetite and be character- 
ized by relatively coarse crystals which would 
require grinding to much less fineness and make 
magnetic separation easier. Whether the Taco- 
nite has to be ground to 100 mesh or to 300 mesh, 
or whether the magnetite content is one-third 
the total iron or two-thirds, are the variables de- 
termining whether costs are to verge on the pro- 
hibitive or be modest enough to avoid serious 
increase in finished steel prices. 

Fortunately, the eastern end of the Mesabi 
range has large deposits of Taconite which can 
be handled by the relatively cheap magnetite 
concentration process. The ore is hard and ex- 
pensive to drill, but Minnesota has reduced taxes 
on this Taconite in order to encourage such op- 
erations. Michigan’s Taconite, unfortunately, 
has hematite as the predominant iron-bearing 
mineral. Of course, this nonmagnetizable hema- 
tite can be reduced to magnetizable magnetite by 
heating and using reducing agents such as car- 
bon monoxide. So far an operation of this com- 
plexity involves very discouraging cost factors. 

Up on the ranges it is said that Taconite will 
be “manufactured” rather than mined. It is 
self-evident that the time, money, men and 
equipment necessary to drill and blast ore, grind 
it to a »owder, extract one-quarter of the powder 
as a uSable product, and then reconstitute this 
quarter into a lump form, are all on a far higher 
order than the conventional practice of having a 
steam shovel lift out great bites of hematite for 
direct shipment te blast furnaces. Furthermore, 
the problems involved in rapidly expanding Ta- 
conite concentrates during times of wartime na- 
tional emergency are rather formidable, and may 
demand for minimum safety a number of standby 
plants or strategic stockpiles of concentrates 

At the very least, investment cost for Taco- 
nite concentrates will be well above $20 mil- 
lion per million tons of annual production of 
lump concentrates. This is investment cost alone 
which must be amortized and does not take into 
account day-to-day operating costs. If Taconites 
alone were to be depended upon to supplant the 
dwindling natural ores of the entire steel indus- 
try, some 52 million tons of capacity would be 
required in the next 15 yr. This would necessitate 
an investment of over $1.4 billion, a staggering 
sum which in final analysis would necessarily be 
borne in great part by steel consumers 

Even though the whole burden of future ore 
supply will not be thrown onto Taconite, a num- 
ber of companies have attacked the problem with 
a zeal that mounts in direct proportion to the 
depletion of their natural ores. Within a few 
years the whole pace of Taconite exploitation 
must of necessity step up to a much faster tempo 


The Erie Mining Co. (Bethlehem, Youngstown 
and Pickands, Mather & Co.) began Taconite re- 
search some 10 yr ago and now is in the second 
year of operation of a 200,000-ton annual pilot 
plant at Aurora. From all information that can 
be gathered, the jagglomeration of fine concen- 
trates is presenting difficulties and there has 
been little or no production to date. Even so, 
this group of three companies now has plans in 
progress for a new plant of 2}. billion-ton annual 
capacity of lump concentrates. 

Another combination, Reserve Mining Co. 
(Armco, Wheeling, Republic, and Cleveland- 
Cliffs) has acquired a 1! billion-ton Taconite de- 
posit, averaging 24 pct iron, at Babbitt, Minn. 
During the past 3 yr it has completed plans for 
a 10 million-ton capacity plant. Application was 
made for a $50 million loan from RFC to cover 
initial steps of constructing a 2!5 million annual 
ton plant. The requested 30-yr loan was denied, 
and the RFC has suggested a 10-yr loan. This 
is a good example of the financing problems in- 
volved in shifting to Taconite—as yet RFC and 
the government is not conscious of the full seri- 
ousness of the situation. 

Jones & Laughlin has completed a research 
laboratory for Taconite study at Ishpeming, 
Mich., and has acquired deposits of ore in Michi- 
gan and Ontario, Canada. 

Cleveland-Cliffs has also completed a research 
laboratory at Ishpeming, Mich. This company 
plans to build a Taconite pilot plant in Michigan 
next year. 

The U. S. Steel Corp. has Taconite reserves to 
produce some 300 million tons of concentrates in 
the western Gogebic Range in Wisconsin. How- 
ever, much of the initial Taconite production 
will be based on the Minnesota ranges, and it is 
conservatively estimated that the district Taco- 
nite holdings will produce 1'4 billion tons of 
shipping lump concentrate, averaging 63 pct 
iron. The U. S. Steel Corp. definitely plans to 
have a pilot plant in operation by late 1952 turn- 
ing out 500,000 tons of concentrates annually. 
This corporation has a very large laboratory at 
Duluth operating on Taconite research, and in 
late months officials are of the growing opinion 
that they have their problem pretty well licked. 
This is hopeful news, although it should be noted 
that large proportions of U. S. Steel’s Taconite 
holdings are of the ideal type—large crystals and 
a very high proportion of magnetite. 

In the next 20 yr it is to be expected that inde- 
pendent steel and ore companies must of neces- 
sity get into production some 17 million tons of 
Taconite concentrates. In the same period of 
time the U. S. Steel Corp. might well develop 
about 10 million tons of beneficiated Taconites, 
the exact capacity being dictated by cost rela- 
tionships with Venezuelan ore imports delivered 
to various plants. Such an industry program, 
which cannot be avoided, will require new capital 
investment of well over $'. billion, and to man- 
age such a sum will require some good profit 
years as well as a long series of special financ- 
ings. It is certain that the growing dependence 
on Taconite will be reflected somewhat in fin- 
ished steel prices. Until recently this figure 
looked as if it may be well over $4 a ton, al- 
though of late there is growing hope that when 
big production plants get into operation the 
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“Wanton i Location of U. S. Steel's projected 
eastern seaboard steel mill, to more 
economically service part of the 7 
million ton annual finished steel mar- 
ket in that area. Assuming an annual 

Ww 2 million ingot ton plant (3 blast fur- 
naces; 16 openhearths; continuous 
hot and cold mills for plate, strip, 
sheet and tinplate; mills for wire, 
pipe and bars), the plant's comple- 
tion would obviously coincide (before 
1955) with availability of adequate 
Venezuelan ore. Giant ocean ore car- 
riers would come directly to the plant 
(see map), barge trans-shipments 
would arrive from Baltimore via the 
C. & D. canal (map, dotted line). 
Quite possibly another “South Chi- 
cago" could rise on these flat New 
Jersey farmlands south of Trenton. 
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higher cost factors that must reflect down to the 
finished steel may be considerably less. In any 
case, Lake Superior Taconite concentrates will 
how up best competitively, vis a vis foreign ores, 
in the Lake Michigan and Erie consuming centers 

While the sharp-pencil experts in the back 
rooms worry the technology and economics of 
Taconite, a number of steel companies are reach- 
ing out into foreign countries to locate and acquire 
rich direct-shipping ores While the problem 
for the nation as a whole is that of getting usable 
iron in any form and at any cost, the individual 
steel company has both that problem and also 
the one of competitive survival. And the indi- 
vidual plant’s competitive survival will be based 
on cost of hot metal out of the blast furnace 
vis a vis his competitors’ costs in any particular 
district In some instances the blast-furnace 
charge may be almost all Taconite concentrates 
as, for instance, those plants bordering the Great 
Lakes to the west, such as Chicago and Detroit 
Other plants may base their operations for the 
most part on foreign ore such as plants in 
Birmingham and other Gulf areas, along the 
Eastern Seaboard up into the Northeast sections 
of the country. Still othe the great producing 
plants in the Pittsburgh, Youngstown, Cleveland 
Wheeling area will likely fall back onto various 
combinations of Taconite concentrates and for 
ore 

It is probable that the rich Venezuelan ore 
discovered by the U. S. Steel Corp. will be 
available in almost any producing center at 
. better competitive price than units of iron 
from any other source. This great lode of ore 
which can practically be pushed onto railroad 
cars will be available to all who wish to buy 
Further, this one body alone could supply the en 
tire American steel industry all through the life 
time of children now being born. However, for 
reasons already mentioned. —-military, competitive 
ete.-development of Cerro Bolivar will likely 
never rise beyond 15 million tons annually, al 
though its price laid down in American steel cen 
ters will be a vardstick exerting great influence 


on iron from other source 

For many year ome iron ore aas entered the 
United State from foreign countric Bethle 
hem large hipments from Chile and smaller 
deliveries from Cuba are the most conspicuou 
example During the 1930's foreign ores and 
forei finished steel were readily available at 
low price ind some filtered throughout the east 
ern areas of the ce try But they ever got 
into tl reat midwest industrial areas primarily 
through inability to enter the Great Lakes with 
out transhipment. Certain industrialists in the 
Great Lake rea based their opposition to the 
St. Lawrence Seaway on their desire to minimize 
foreign competith Of late this opposition has 
ceased a reflection of the imperative need to 
bring in foreign ore particularly Labrador ore 
ible 

persistent of ore importers to feed its Sparrow 
Point, Md., plant, it might be of interest to re 
view the fore holdi of that company 

Fron he ele rted 2.6 million 
tons of ire ore in 1948. This compal recently 
has commenced expansion of its El Romeral iron 
mine as the re t of a $2,750,000 credit from the 


Export-Import Bank for the Chileat 


Deve lop- 


ment Corp. Estimated reserves in this area run 
to some 20 million tons of ore of 60 pct iron 

Bethlehem has for years also been in Cuba, 
bringing out small quantities of lateritic iron 
containing nickel and chromium. In general, 
Cuban laterites are not competitive with other 
ores, and persistent surveys by several companies 
have never uncovered any high-grade iron de- 
posits of sufficient size to warrant interest as a 
dependable source of supply Small deposits oc- 
cur along the west coast of Pinar del Rio Prov- 
ince containing possibly 1 million tons of open- 
pit ore averaging 55 pet dry iron and 10 pet 
silica 


The large deposits of lateritic iron ore contain- 
ing nickel and chrome are in the Moa and San 
Felipe districts. U. S. Steel has some long-time 
holdings in this area, and there are other deposits 
which never have been denounced. Until an eco- 
nomic method is devised for extracting the nickel 
and chromium, these lateritic ores will not as- 
sume any importance. It might be of interest to 
note that Nicaro Nickel Co., financed during the 
war by the U. S. Government and directed by 
Freeport Sulphur Co., used these laterites from 
which to win nickel. This operation is now dis- 
continued. For a few years some 3600 tons of ore 
carrying 30 pet iron was used daily The iron was 
reduced to magnetite chemically and was wasted 
along with the chromium and tailing. There is 
quite a tonnage of iron lying down there with the 
tailing. and if some economical method could be 
devised to remove the chromium it would be pos- 
sible to recover, through magnetic processes, a 
suitable ore for blast furnace use by agglomera- 
tion 

Bethlehem also held by far the best deposit 
of iron ore on the West Coast of Mexico, at Las 
Truchas. There is probably a large amount of 
open-pit ore in that holding, and Bethlehem 
first acquired possession by virtue of denounce- 
ments made prior to 1926. Bethlehem subsequent- 
ly lost control of the deposit but re-acquired it 
under a special concession contract with the 
Mexican Government. It is believed that the 
contract has within the past sevefal years been 
brought up for revision and perhaps has reverted 
to the original owners. Las Truchas has never 
been exploited and may never be until some com- 
pany uses it for a hot-metal operation along the 
West Coast of the U.S 

Quite possibly Bethlehem most interesting 
foreign holding is in Venezuela, where for the 
past ten years it has had a concession staked out 
at El Pao (see map). M.A nna had been in 
ind out of Venezuela for years and at one time 
had El Pao under option prior to Bethlehem’s 
acquisition of the property. Hanna still has con- 
sions next to El Pao. It would seem that M.A 
Hanna Co. was singularly unimpressed with its 
Venezuela holdings even though their deposits, 
called Murcielago and Carambola, offered prom- 


ct 


ise of possibly 10-20 million tons of open-pit ore 
Bethlehem appeared satisfied with its El Pao 
holdings and showed little interest in the Repre- 
alia deposit, about 100 miles away and contain- 
ing le than 5 million tons of ore, or other ore oc- 
currences along a belt 100 miles long and situ- 


ed between the Represalia and El Pao deposits 


Bethlehem’s El Pao open-pit mine in Vene- 
ruela has reserves of at least 60 million tons, and 
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with an expenditure of some $50 million plus, 
this company hopes to be shipping out some 2.4 
million tons annually by possibly late 1951. A lot 
of this ore is of the hard, crystalline type, open- 
hearth grade rather than blast furnace grade 

By late 1946 Bethlehem had practically com- 
pleted its loading dock facilities at Palua near 
San Felix, at the confluence of the Orinoco and 
Caroni Rivers, and was building the railroad from 
Palua to the El Pao mine. By April of this year 
(1950) a transfer docksite will be finished and 
ready for operation at Puerto Hierro, east of 
Guiria on the north shore of the Gulf of Paria 
not far from Trinidad. They plan to get the ore 
out by using six barges each of 4000-ton capacity 
(300 x50x6 ft) and a draft of 14 ft when full 
loaded. Two ocean-going tugs have pur- 
chased and these tugs will haul two barges at a 
time from Palua down the Orinoco and the Cano 
Manamo past Pedernales (see map) and across 
the Golfo de Paria to the Puerto Hierro unload- 
ing station. There the ore will be loaded onto 
26,000-ton ocean carriers—-the specially designed 
Venore type. Bethlehem is also building several 
ships of 6000-ton capacity with a fully-loaded 
draft of 1715 ft for use on the same haul as the 
barges. Apparently the two methods of transpor- 
tation are to be compared 

This shipping operation devised by Bethlehem 
is the most ingenious possible for the amount 
of ore they plan to move. The entry of U. 5 
Steel Corp. into the same area with a very much 
larger operation might, of course, influence fu- 
ture shipping plans. Certainly Bethlehem will 
finish its railroad to Palua near the confluence 
of the Orinoco, a distance of some 40 miles. How- 
ever, if U. S. Steel or the government chooses to 
dredge the Orinoco for the largest of ore carriers, 
it would seem that Bethlehem also would bring 
its 25,000-ton Venore carriers right up to the 
railroad dock. However, if the Corporation elects 
to avoid river transportation and drive a railroad 
274 miles across country to a tidewater terminal 
at Barcelona, then Bethlehem could possibly 
make some arrangement to use the same rail- 
road or continue with its planned barge and 
transfer arrangement at Hierro. The Corpora- 
tion’s decision as regards railroad vs. river dredg- 
ing probably will be reached before long. 

Before describing in detail the U. S. Steel 
Corp.’s search for foreign ore and discovery of 
Cerro Bolivar, it might be best to cover two other 
foreign holdings—Liberia and Labrador 

African ores are becoming an increasingly im- 
portant factor in the world markets In Liberia 
various explorers were looking over ore showings 
there as long ago as 1938. There are occur- 
rences of high-grade ore but the tennages are in 
general too small to create a great deal of in- 
terest. Geologists from the U. S. Geological Sur- 
vey examined the same area in 1944. Republic 
is now definitely planning to bring ore out of 
that country, probably for use in the Alabama 
area until the St. Lawrence Seaway permits 
shipment directly into Cleveland Port facilities 
for loading ore are now being constructed at 
Monrovia, the capital city of Liberia. Republic 
has acquired majority interest in the Liberian 
Mining Co., controlling some 20 million tons of 
ore, and it is believed that the company plans to 
ship 500,000 tons annually, beginning sometime 


in 1951. The development cost will be on the 
order of $8 million, of which one half the amount 
will be an Export-Import Bank credit 


The Labrador iron ore deposits have attracted 
a great deal of publicity during the past few 
years. As already pointed out, there is consider- 
able ore of high quality up there, although as 
vet no definite plans are under way to get it out 
There are some rather formidable obstacles fac- 
ing open-pit mining operations and delivery olf 
the ore over about 400-500 miles of tundra to a 
St. Lawrence River port. The railroad alone will 
cost more than $100 million, and at the mine the 
amortization of equipment must of necessity take 
into account use for only about half of each 
year. Personnel at the mine will also be some- 
what of a problem, with the two possibilities of 
their being idle half the year or some provision 
made to bring them out for the non-mining 
period. 

Without the St. Lawrence Seaway, the Lab- 
rador ore will likely not be competitive at most 
consuming centers with either other foreign ores 
or Superior Taconite concentrates With the St 
Lawrence Seaway, this ore should have a com- 
parative cost factor through the Cleveland area 
and down into Youngstown 

By late 1946 it was already apparent that an 
important iron district would eventually be de 
veloped along the boundary line between Lab- 
rador and Quebec, primarily on concessions con- 
trolled by M. A. Hanna Co. and the Hollinger 
Consolidated Mines. The Labrador territory is 
part of Newfoundland, which is governed by a 
commission deriving its authority from the 
British crown. The Quebec area is under the 
Dominion of Canada 

This iron formation is part of a rock series 
occupying a trough which extends for about 350 
air miles northward of the St. Lawrence River 
Its northern extremity at an elevation of 125 ft 
is only about 60 miles from Fort Chimo, a tide 
water port on the Koksoak River which enters 
Ungava Bay. Practically all known iron forma 
tions in this belt (see map) are now covered by 
exploration licenses or concessions, &s follows, 
from north to south: 

In Quebec 

(1) Quebec-Labrador Development Co., Ltd 
(2) Fort Chimo Mines, Ltd. (Frobisher) 
(3) Norancon Exploration (Quebec) Ltd 

(Noranda, Anglo-Huronian & Conwest) 

(4) Hollinger North Shore Exploration Co 

Ltd. (Hollinger & Hanna) 


In Labrador 

(5) Labrador Mining & Exploration Co., Ltd 
(Hollinger & Hanna) 

(6) Norancon Exploration, Ltd 

(7) To the East of this iron formation belt 
Norancon has two concession areas in Labrador 

(8) Dome Exploration (Canada), Ltd., also 
has a concession area north of the Hamilton 
River bordering the Atlantic Ocean. No iron 
formation is expected to be found in this latter 
area 

(9) Kennco Exploratior Ltd. (Kennecott 
Copper Co. & N. J. Zine Co.) A titaniferous 
magnetite deposit much further south (see 
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map), about 50 miles north of Mingan on the 
north shore of the Gulf of St. Lawrence 

Kennco has disclosed the presence of some 50 
million tons of reserves containing 35 pct titani 
um. To get the titanium this company has an- 
nounced plans to spend $25 million to develop 
the deposit and another $15 million for an elec- 
tric smelter of initial capacity of 1500 tons per 
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day to be constructed at Sorel, Quebec, sched- 
uled for operation by 1951. The by-product pig 
iron production might well range between 100- 
200,000 tons annually, analyzing 96.5-97 pct iron, 
2 pet min C, 0.1 Si, 0.03 P, 0.10 or less S, 0.04 Mn, 
0.2 Ti, 0.05 V and 0.05 Cr 

The Hanna-Hollinger concessions (Nos. 4 and 
5 above) are the only ones on which important 
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explorations have been carried on. Some of the 
ore has been described as being physically like 
the harder ore of the Iron River district of 
Michigan, while other ore in the area has been 
compared with the Marquette range soft ore. 
In any event the ore will carry appreciable 
amounts of free moisture. In early 1946 there 
were reports that drill holes to a depth of 200 
ft were still in frozen ground, thus indicating 
a nasty problem of handling frozen ore which 
would be gradually thawing en route to the fur- 
naces. However, by early 1947 this possible dif- 
ficulty was laid to rest when one exploratory 
tunnel, still in ore, penetrated 85 ft of ore un- 
der an ore cover of 70 ft without encountering 
any frozen ground except at the portal. 

By early 1947 the Hanna-Hollinger geologists 
had discovered more than 25 ore hodies seattered 
over a length of 75 miles, with some of them 
ranging 1000 ft in width. By this time estimates 
were being made of a possible reserve tonnage 
sufficient to yield an annual production of 10 
million tons for many years. Much of the ore 
showed an average 60 pct combined iron and 
manganese, with some showings containing up 
to 20 pct manganese. The group was granted a 
charter for the proposed Quebec North Shore & 
Labrador Railway Co., capitalized at $2 million. 
Financing of the remaining $100 million or so 
is as yet unresolved. 

By late 1947 Hanna-Hollinger had discovered 
over 40 ore bodies and actual diamond drilling 
had proved tonnages in excess of 100 million 
tons. At this time it was estimated that further 
drilling would prove 300 million tons. Toward 
the end of 1948 over 44 separate ore bodies had 
been discovered with reserves of over 300 million 
tons indicated. In general the individual ore 
bodies are rather small and scattered over an 
area of 85 by 15 miles. The glacial-drift over- 
burden is of the order of 16 ft. 

A number of steel companies (Republic, Armco, 


National Steel, Wheeling and Youngstown) have 
joined with Hanna-Hollinger for several more 
years of exploratory work, and Republic has a 
one-year option for a quarter interest in this de- 
velopment. In view of the problems involved in 
building the long railroad te the St. Lawrence 
over very difficult terrain and delays certain to 
bedevil the St. Lawrence Seaway, it is likely that 
no large tonnages of Labrador ore will come out 
until the late 1950's. However, by 1960 these 
transportation problems will certainly have been 
rationalized and ore should be coming out at the 
rate of 10 million tons annually. To finance such 
a program will require a capital investment well 
over $175 million, exclusive of the lake vessels 
required to transport the ores from proposed rail- 
road terminal at Seven Islands, Quebec, to the 
steel-producing areas. 

The only other Labrador-Quebec concession 
given much exploratory attention has been the 
Fort Chimo area owned by Frobisher Explora- 
tion Co. It covers some 1000 sq miles and con- 
tains a length of about 35 miles of explorable 
iron formation located 100 miles north of the 
Hollinger holdings. It lies 100 miles southeast of 
Fort Chimo on Ungava Bay tidewater, the rail 
distance being about 150 miles with a drop of 
only 200 ft to this possible shipping port which 
is ice-free from four to five months of the year 
and lies 3000 miles from Baltimore. Late in 1946 
the U. S. Steel Corp. was showing some interest 
in this concession, but a year later interest un- 
derstandably waned as the Venezuela strike ap- 
peared to be of mother-lode proportions. 


U. S. Steel's spectacular good fortune in Vene- 
zuela is the terminal point of a whole chain of 
encouraging and discouraging events leading 
back to Pittsburgh early in 1945. At that time, 
J. G. Munson, vice-president in charge of raw 
materials of the Delaware Corporation, along 
with B. H. Lawrence, then chief engineer, and 
R. E. Zimmerman, vice-president in charge of 


Plan for initial development of Cerro Bolivar. The belt conveyor will generate enough electrical power 


to supply much of the area requirements. 
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research, became convinced that the Corpora- 
tion would soon have to earmark extremely large 
sums of money for Taconite plants if the future 
ore supply were to be assured. It occurred par- 
ticularly to Mr. Munson that at least one more 
look should be taken at all the possible foreign 
around the entire periphery of the 
North and South Atlantic Oceans. This was a 
momentous decision, particularly so since the 
Corporation files were crammed with tons of 
reports on the known deposits, some dating back 
to 1908. Even though the projected search would 
tailed ever carried out and involve 
the expenditure of many millions of dollars 
board-chairman Irving Olds and president B. F 
Fairle likewise okayed the gamble, although 
the odds were very much that nothing new of in 
terest would develop 

By early 1946 field forces were in Brazil, Vene- 
suela, Honduras, Guatemala, Puerto Rico, Cuba, 
Mexico and Swede Hundreds of men were 
beating far back in the hinterlands following up 
every known showing of ore and tracing down 
every rumor of red earth. Before the entire 
earch was concluded thousands of men became 
involved, many hundreds of ore bodies had been 
drilled and explored in the Agalteca deposit in 
Honduras: in various parts of Guatemala; at 
Mayarue and Jancos in Puerto Rico; various 
howin in Honduras; all around the vicinity of 
Tunki in Niearagua;: all the possibilities along the 
east coast of Mexico, and more than 40 deposits 
along the west coast; the well-known ore fields 
in Sweden: the Wabana Mine 1 Newfoundland; 
Little Whitefish Lake in Quebec; Texado Island 
Iron Hill and Zeballos in British Columbia; the 
Marampa and Tonkolili deposits in Sierra Leone 
West Africa: holdi: owned by Cia. Espanola de 
Minas del Rif in Morocco; the Djebel Djerissa 


ore ource 


be the most de 


holdir in Tunisia; the Ouenza ores in Algeria 
the Conakry ores in French Guiana everal ore 
possibilities in Alaska. The objective was to find 
in ore body, preferably in the Caribbean area, of 

fficient quantity and quality to justify full- 
cale development over a period of many years 
rhe cost of ocean freight would represent a large 


part of the delivered cost of any foreign ore 
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sonably accessible to river transportation and of 
sufficient size to justify utilization. Late in 
1945 air observers started to work over the area 
adjacent to and south of the Orinoco River ex- 
tending from Ciudad Bolivar towards the Atlantic 
Ocean, a distance of about 160 miies (see map). 

A year later, toward the end of 1946, some ore 
holdings around Bethlehem’s El Pao concession 
and the M. A. Hanna concession had been looked 
over by magnetic survey with nothing of conse- 
quence showing up. Field reports and the aerial 
observation had concentrated attention on Pia- 
coa and an area northeast of Upata. It was soon 
determined that the Upata area had various 
high-grade bodies averaging 65 pct iron, but they 
were narrow and not sufficiently extensive to jus- 
tify exploration for open-pit mining 

The Piacoa ore is located about 100 miles down- 
stream on the Orinoco from Ciudad Bolivar and 
approximately 75 miles from the mouth of the 
river. Piacoa is an insular hill which is 2 miles 
away from the Orineco River. It is 1'2 miles 
long and rises 550 ft above the surrounding flat 
topography. Ore occurs in a ferruginous quartz- 
ite with a grade from 40-50 pct iron. The ore 
would have to be concentrated, although the con- 
centration problems would not be difficult, re- 
quiring only grinding to 28-48 mesh to produce 
a concentrate of 60 pet iron or better Oil is 
within 50 miles and gas 150 miles. Diamond drill- 
ing got well under way early in 1947. Quite ob- 
viously Piacoa was nothing to get really excited 
about 

It is to be noted from the map that all the 
area being worked over was south of the Orinoco 
east of the Caroni (a tributary of the Orinoco) 
ind toward the Atlantic Oceat The Venezuelan 
government had all this territory listed as a Fed- 
eral Reserve Zone on which concessions of only 
40 yr were possible, and even they had a number 


of restriction Venezuela considered this area 
the only possible iron ore area, and for that mat- 
ter so did Bethlehem and M. A. Hanna, both of 
whom had been over the round pretty thor- 


oughly. Some of the U. S. Steel Corp. men were 
discouraged, some resigned and the whole Vene- 
zuelan exploration began to sa 

At this point Mack C. Lake, a long-time M. A. 
Hanna geologist, was borrowed by the Corpora- 
tion to take charge of the field work. Mr. Lake 
had been half-retired and was living in Cali- 
fornia when M. A. Hanna called him back to do 


consulting work on their new Labrador proper- 
ties. He was loaned to the Corporation to do 
work for them only in Venezuela inasmuch as 
Hanna was rather convinced there was nothing 
more of consequence there Mr. Lake and two 
voung geologists on the field team, K. Burrell 
nd F. Kilstead, conceived the idea of aerially 
yhotographi the re th of the Orinoco 
ind t of the Caroni. a rea open to de 


neement, not parti larly re? te and gener 
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was hired to take the photographs and Vene- 
zuela had granted permission to bring them out 
of the country for piecing together and examina- 
tion. 

Examination of the photographs got the geolo- 
gists interested in two small mountaims or hills, 
known locally as La Parida and Arimagua. La 
Parida was located about 50 miles due south of 
Ciudad Bolivar and rises about 2000 ft above the 
surrounding savanna topography, and is about 
11 miles lone. Arimagua is about 30 miles east 
of La Parida, nearer the Caroni River Neither 
mountain is particularly remote and they both 
appear on many an old map Early in the year 
a field crew started in to look them both over, 
with S.G. Sargis (a magnetometer expert brought 
in from Geneva Steel) in charge of the geophys- 
ical work 

In April of 1947 the field party found huge 
outerops of iron ore all over La Parida hill and 
slides exposing large expanses of iron ore at 


Arimacua. As Mr. Sargis worked over the de- 
posits with his magnetometer he recorded ex- 
tremely high readings, the highest responses ever 


recorded in the world! The excitement mounted 
There was no doubt that a really enormous ton- 
nage of iron ore was there and it appeared of 
edimentary origin, and of a grade in excess of 
60 pet iron 

When the word got back to the headquarters 
town of Ciudad Bolivar, Mr. Lake decided to pull 
in diamond drills from about everywhere The 
important thing was to determine as quickly as 
possible whether the high surface grade extended 
down to any reasonable depth or whether the 
magnetometers were recording an enormous lump 
of poorer ore and Taconite. The two Longyear 
diamond drills at Piacoa were started on their 
wav to La Parida, two others on their way from 
the United States were diverted and another drill 
in Honduras was called for. It was planned to get 
at least five drills working at La Parida 

It was also imperative to survey the area well 


by magnetometer to lay out the boundaries of 
denouncements. And quietly, too. For the area 
vas outside the deral Reserve Zone and open 
o anvone who ed first. By this time some of 
the news mu have eped out for a couple of 
local entrepreneul tarted to look around in the 


t 
same area. Everything went well, however, and 
the Corporation quietly filed its Carla, Arimagua 
und Rondon (other ore showings In same¢e general 
area) denouncement which were published in 
the Government Gazette. On April 11, 1947 Carla 
Nos. 1 to 5, totaling 11,330 acres were accepted by 


the government. On Sept. 1, Arimagua 1 to 3, to 
taling 2960 acre were accepted. Rondon 1 to 3, 
totaling 3700 acres were not accepted until early 


in 1948 
Drilling at La Parida actually got underway In 
July 1947. with ten American drillers on the job 
for the ytractor, E. J. Longyear Co 


d hea in the field by Mr. Axel Auguston 
Mr Augusto Betty) officiated as cook 

Bv late 1947 reports coming from the field in- 
licated iron ore outcrops on La Parida every few 

indred feet for a distance of at least 3 miles. It 
“as exposed in slides for a height of 200 ft It 
till seemed to be of sedimentary origin with 
‘ome secondary enrichment of low-grade hori- 
-ons. Evidence indicated that certain high-grade 


horizons had been hydrated near the surface, 
hence lowering the grade. The hydrated material 
appeared to contain nearly the theoretical maxi- 
mum of iron. Six holes totaling 1545 ft had 
been drilled, indicating a dry analysis of 63.4 
pet iron, phos content decreasing from 0.175 pet 
at surface to 0.048 pct at 380 ft. Likewise, the 
loss on ignition decreased from 12.1 pet to 1.2 pet 
at 380 ft. The general conclusion was that this 
ore Was similar in type and mode of occurrence 
to the thin-bedded hard ores of the Minas 
Gerais region in Brazil 

By early 1948 Mr. Sargis had run magnetometel 
readings over Bethlehem’s El Pao deposit to 
check his readings with known underground re- 
serves. He was trying to verify his record read- 
ings at La Parida. The El Pao test confirmed his 
mathematies. Then the readings and calcula 
tions were sent to Dr. Louis Slichter (Sumner 
Slichter is his brother), Director of Geophysics at 
the University of California, for verification His 
notation came back that everything was correct 
but perhaps someone had gotten the decimal 
points in the wrong place But the decimal points 
definitely were in the right place and La Parida 
began to look more and more a champion 

By early 1948 La Parida had its name changed 
to Cerro Bolivar, and drillings had proven some 
165 million tons of reserves. Seven diamond and 
two churn drills were operating, and 47 holes 
had been drilled to an aggregate depth of 11,436 
ft. Moisture content of ore samples was 10 pet, 
indicating an average natural iron content of 
56.7 pet. Most of the holes bottomed in quartz 
ite. the average ore depth being 148 ft. The area 
covered by exploration was 18,060 ft long with an 
average width of 1200 ft. An exploratory tunnel 
had been driven, and the specific gravity of the 
ore was 12 cu ft per ton. A railroad survey was 
started. and river studies were planned to in 
vestigate dredging possibilities. Other ore show 
ings in the Cerro Bolivar (La Parida) area 
Arimagua, Rondon and Altamira-——-were given a 
quick look and estimates made that they also 
were large deposits, having perhaps an average 
dry analysis of 63.28 Fe, 0.113 P, 2.29 Si, 0.10 Mn 
153 alumina, 0.135 Ti, and 0.005 S; loss on igni 
tion 5.31 

During the 1947-48 period also, interest had 
vrown in a deposit at La Grulla, which was back 
over in the usual iron area east of the Caron 
in Federal Reserve territory, about 30 miles 
northeast of Bethlehem’s El Pao mine, 30 miles 
south of the Orinoco River and 90 miles due east 
of Ciudad Bolivar. The ore seemed to be in rela 
tively small bodies, but high grade A concession 
was petitioned for, as the ore wa hard and crys- 
talline. of about 65 pet Fe with low-phos and 
would make excellent lump ore. The individual 
ore bodies could, perhaps, be mined as a district 
and reserves of 10 million tor were indicated 
By late 1947 a magnetometer report over one de- 
posit was on the order of the pectacular re 
sponses on La Parida hill The high-grade ore 
showings on this deposit were very Impressive 
particularly when their extension in depth wa: 
indicated by the magnetometer interpretation 
Several other deposits appeared connected a the 
result of geophysical work and there was some 
similarity between the magnetic responses and 
those at El Pao. By June 1947, five concession 
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were obtained in the La Grulla area. However, 
by late 1948 La Grulla began to be somewhat 
disappointing. In some places drillings showed 
that the hard, crystalline ore in outcrops did not 
extend more than a few feet below the surface. 
Further, some of the subsurface connections be- 
tween surface outcrops did not appear to exist. 
However, drillings were continued. 

In early 1949 over !, billion tons were proved 
at Cerro Bolivar by drilling. La Grulla continued 
disappointing despite extensive drilling, with 
only 40 million tons proved up. 

As of the present time, Mack C. Lake is in 
full charge of the Venezuelan operation for the 
Corporation, and has been made the first 
president of the newly-formed subsidiary, Ori- 
noco Mining Co. R. J. Wysor, former president 
of Republic, has for some time been associated 
with Mr. Lake on the job as a consultant. Mr. 
Lake has set up offices at 25 Broadway and is 
energetically building up a staff. It is the inten- 
tion to bring at least 10 million tons out annually 
by late 1953. 

In the Cerro Bolivar area south of the Orinoco 
and west of the Caroni, U. S. Steel has 18 de- 
nouncements of 100 yr duration with probable 
reserves of the highest grades of iron ore greatly 
in excess of 1 billion tons. Some idea of the size 
of the Cerro Bolivar deposit can be obtained by 
comparing its linear dimensions with the world- 
famous Hull-Rust-Mahoning open pit at Hibbing, 
Minn. (see drawing) now scraped almost down 
to Taconite bottom. Cerro Bolivar alone contains 
more tonnage of iron than Hull-Rust ever pro- 
duced or ever can produce. 

There are other probable deposits in the Cerro 
Bolivar area but the Venezuelan government has 
closed the territory against further denounce- 
ments and only concessions of 40 yr may now 
be obtained. 

U. S. Steel also has six concessions (La Grulla, 
etc.) in the usual area east of the Caroni and 
south of the Orinoco, which contains a wide 
variety of ores and respectable tonnages, al- 
though in no way comparable to Cerro Bolivar. 
These all are on the Federal Reserve and opera- 
tion for a term of only 40 yr is possibie 

The Corporation must soon make a decision on 
how it plans to bring its large tonnages at Cerro 
Bolivar out of the country. A railroad survey has 
been made straight across country from Cerro 
Bolivar to a tidewater terminal on the north 
coast near Barcelona, a distance of 274 miles (see 
map). This will require a bridge across the 
Orinoco at or near Ciudad Bolivar, about 4.5 
miles in length including approaches. Pay load 
per train would be 10,000 tons and the annual 
tonnage 15 million tons. The total cost will be 
on the order of $113 million. At the Barcelona 
port there is excellent deep water so that the 
biggest ocean ore carriers can be brought in for 
loading 

Another alternative would be a railroad for 91 
miles from Cerro Bolivar to a river terminal at the 
confluence of the Orinoco and Caroni Rivers. Then 
the Orinoco must be dredged to permit bringing up 
the ocean ore carriers to load at this terminal 
The 91 miles of railroad would cost $51 million 
The river survey contemplates a channel of 34 
ft from the confluence of the Orinoco and Caroni, 
down the Orinoco and Macareo Rivers to a point 
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60 miles from tidewater, and from there a grad- 
ual deepening of the channel to 38 ft at sea 
level. To do this requires dredging 45,254,000 cu 
yd of bottom, at an estimated cost of $18 million. 
Annual maintenance would be $1.1 million. A 
combination 34-38 ft. channel would open up the 
river for even the enormous ocean carriers 
planned by the Corporation. The problem of 
dredging and maintaining a river of this size is 
a tremendous undertaking for a private company. 
In the United States the government would do 
the job although it has not yet been determined 
to what extent Venezuela will participate. 

The distances to U. S. consuming centers by the 
various routes are as foliows: Cerro Bolivar to 
Orinoco River port 91 miles; Orinoco River 
port to tidewater 170 miles; mouth of Macareo 
to Baltimore 2280 miles; Baltimore to Pitts- 
burgh (via B. & O. or Western Maryland) 334 
miles; mouth of Macareo to Mobile 2460 miles; 
Mobile to Birmingham 276 miles (rail) and 280 
miles (water); Cerro Bolivar to Barcelona 274 
miles; Barcelona to Baltimore 2190 miles; Bar- 
celona to Mobile = 2190 miles. 

A price comparison might now be in order, be- 
tween U.S. Steel's Venezuelan ore, Labrador ore 
(assuming the St. Lawrence Seaway), Superior 
Taconite nodules and current non-bessemer ore 
shipments from the Mesabi. The following table 
has been constructed to this end, based on a 
variety of informed estimates. In the table L.E. 

Lake Erie price (1949) based on $7.20 per ton 
for Mesabi non-bessemer ore. 


1949 Basis 

Per 

Dry Nat Nat Le Unit 

fron fron Phos. Si.0 Mn Mn Moist Price Fe 

Labrador Or - $93 40.071 676 136 10.0 $7.72 14.54 


Ores (1947 sz 0.064 7.98 0.70 223 7.14 14.0¢ 


It will be noted that even at Lake Erie ports, 
Venezuelan ore shows an equivalent unit cost 
with Superior Taconite nodules and Labrador 
ore. Natural ore from Superior, however, shows 
up best of all, as might be expected. However, 
natural ore is a disappearing metallic which has 
no bearing on the economic relationship be- 
tween future iron supplies. 

Also to be considered is that the cost relation- 
ships in the table are modified by the iron units 
per ton of material passing through the blast 
furnace. Furnace operators have of recent years 
recognized that distinct savings in hot-metal 
costs are secured by using sized ores with larger 
proportions of coarser material in the form of 
concentrates or agglomerates. The higher grade 
ores produce less slag and thus require less coke 
and limestone. The coarser structure burdens 
usually reduce more rapidly, thus permitting 
larger metal production from the furnace; flue 
dust, with its content of fine ore, is also reduced 
It is thus apparent that ores should be evalu- 
ated as to their effect on the cost of producing 
hot metal. 

With this in mind, and thus allowing proper 
credit for structural and chemical characteris- 
tics, Venezuelan ores and Superior Taconite 
nodules improve slightly in cost factors. 

From a hot-metal cost angle, and taking a 
rather brave shot into the 1960's, the Superior 
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nodules should show up well at all the Lake 
consuming centers and down into the Youngs- 
town area. Venezuelan ores will dominate the 
Gulf area, the East Coast, Pittsburgh and pos 
sibly work up into Youngstown. Labrador ores 
via the St. Lawrence Seaway, will show up well 
in the Lake Erie consuming centers. Of course, 
the actual proportions of each metallic used at 
any producing point will be dictated in part by 
the type of material being developed by the par- 
ticular companies 

By looking ahead to the late 1960's, it is pos- 
ible to estimate that the steel companies other 
than U. S. Steel and Bethlehem most likely will 
be drawing ore from Labrador at the rate of 10 
million tons annually, will have at least 17 mil- 
lion annual tons of Taconite-concentrate capac- 
ity in operation, be pulling a '» million tons from 
Liberia, and be buying some 4 million tons of 
Venezuelan ore. Dependence on Lake Superior 
natural ores will have practically disappeared 
The capital investment to finance such a pro- 
‘ram will exceed $600 million, exclusive of the 
lake vessels required for Labrador ore 

The U. S. Steel Corp.'s ore balance sheet in 
the late 1960's will probably show at least 15 mil- 
lion annual tons coming from Venezuela and 10 
million annual tons from beneficiated Lake Su- 
perior Taconite U. S. Steel definitely plans to 
pull 500,000 tons of Taconite nodules out by 1952 
This will cost that Corporation in capital com 
mitments a sum just about as much as for the 
other steel companies, $600 million plu 

The American teel companies, therefore, 
must get their hands on over $1.2 billion dol- 
lars to sink into new capital investment in the 
period up to 1965, and this staggering sum is in 
addition to the normal rebuilding of steel-pro- 
lucing facilitic It's going to take a lot of doing 

some yvood profits and very friendly bankers! 
If the ore program is followed through, however 
the drain on Superior natural ores will be lifted 

ime to retain possibly 500 million tons as a 
trategic stockpile. If there ever must be another 
war, just possibly it, too, will be fought in great 
part off that old standby—the Superior natural 


he next few years will see a dynamic stir 
in the steel industry having no equal for decades 
tai t since flat-rolled capacity fell be- 
fore the onslaught of the continuous mill. But 


that was an intercompany competitive struggle 
whereas today’s ore program is a matter of com 
pany and country survival 

Certainly the U. S. Steel Corp. offices are al- 
ready surging with plans to keep its construction 
program in balance. The Venezuelan ore fields 


will be mechanized as much as human ingenuity 
can devise, the railroad must be built or the 


Orinoco dredged to et the ore out, and a $50 


million boat program must get under way to 
pick up the ore when it arrives at tidewater 
It is planned to ust iant ocean carriers, 45,000 
ton jobs rivaling the battleship Missouri in size 
to shave down transportation costs. (As com 
parison, one of the largest of Lake carriers 
the Irving Olds, barely squeezes over the 26 ft 
ill at the Soo locks with 18,000 tons.) The 
first 2 million annual tons of Venezuelan ore 
hould certainly go to Mobile and up the War- 


rior River to T. C. & L., where blast furnaces are 
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now literally agasping for rich ore. Production 
may rise there as much as 15 pct with the same 
furnaces. Over 14 million tons of hard ore and 
many millions of tons of blast-furnace grade will 
start coming into Baltimore (where already bulk 
unloading facilities are available) for rail ship- 
ment into Pittsburgh via the B. & O. and W. Md. 
And, most interesting, 1.5 million tons would go 
into the U. S. Steel Corp.’s Eastern steel mill, 
when built. For while the Corporation is design- 
ing all the equipment for Venezuela, it is also 
probably designing a large size steel mill for its 
site near Trenton, N. J. The total cost of sucha 
manufacturing plant would run into some hun- 
dreds of millions of dollars 

It isn’t necessary to be privy to U. S. Steel 
Corp. secrets to make some estimate as regards 
the Trenton plant. Press comment has been 
busily building the plant 10 yr from now, but ob- 
viously the desired planning would be to target 
its completion to coincide with adequate ore from 
Venezuela, and that certainly is before 1955. 

The finished steel market in the Trenton- 
Philadelphia-Washington area is a lush one, 
some 7 million tons yearly, which holds up well 
even in hard times. It’s a diverse market—over 
1! million tons of sheet and tin plate; 700,000 
tons of wire; and 600,000 tons of plate. Bethle- 
hem takes care of 40 pet of the market and most 
of the remainder comes in from U. S. Steel and 
other steel companies in Pittsburgh, Youngstown 
and Chicago. The Corporation can no longer 
afford not to replace wearing-out Pittsburgh ton- 
nage with lower cost tonnage in the east to serv- 
ice this market 

A Trenton plant of 2 million annual ingot 
tons would require three blast furnaces, and, 
say, two openhearth shops of eight 150-ton fur- 
naces each. The plant would run on strictly an 
ore burden with mill-return scrap. No bought 
scrap would be used. There would be at least one 
hot and one cold continuous mill, a wire mill, 
probably even pipe and bar mills. The whole 
thing would certainly be a long, level, straight- 
line affair, from blast furnaces to shipping dock, 
quite possibly the most beautifully designed in- 
tegrated mill in the world. When both the Vene- 
zuelan ore and the finished steel market in that 
area are viewed together, it would be expected 
that by mid-1960 another “South Chicago” will 
have sprung up on the flat farmland beyond 
Trenton, N. J. The Delaware River already has a 
41-ft channel up to Philadelphia, and the Army 
plans to scratch out a deep channel on up to 
Trenton, thereby permitting ocean ore carriers 
to dock alongside the steel mill (see map). Or, 
on occasion the ore can be barged from the un- 
loading docks at Baltimore, through the C.&D 
canal (dotted line, map), and thence to the steel 
mill 

For 60 yr the steel industry has viewed its ore 
problem with all the bland indifference of the 
heavily endowed. But with the endowment about 
rone, it is apparent from all the foregoing that 
the challenge has unleashed a great dynamic 
drive from Hibbing to Venezuela, from Labrador 
to Liberia, from Trenton, to Pittsburgh to Birm- 
ingham. It all involves enough imagination, in- 
genuity and romance to quicken the most slug- 
gish pulse. Steel men are long going to remember 
the 1950's 
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Directors Face Deficit Problem at Dec. 7 Meeting 


NJO Board meeting being scheduled between 
| that on Nov. 16 and that on Feb. 12 next, 
the Executive and Finance Committees met on 
Dec. 7 and Jan. 20 to consider routine matters 
At the Dec. 7 meeting, with President Young pre- 
Siding, the problem of how to meet the 1949 def- 
icit was considered. It was finally voted to ask 
the Rocky Mountain Fund Committee for $7500 
to finance the cost of Vol. 181 of the Transac- 
tions, covering metal mining, industrial minerals, 
mineral industry education, and geophysics; and 
to ask the Robert C.Gemmell Memorial Fund Com- 
mittee for $6000 to cover the cost of publishing Vol. 
183, on mineral beneficiation. The respective com- 
mittees subsequently agreed to this use of accu- 
mulated interest in the funds, and the volumes 
will be issued under an imprint to credit the 
sponsors. The sum of $15,000 was appropriated 
from the Life Membership Fund, which is a por- 
tion of $59,000 that was set aside from surplus 
during the period 1927 to 1934 to finance service 
to Life Members of the Institute. Life members 
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now number about 190 compared with some 390 
at that time, so less income is required to meet 
the expense of supplying them with periodicals 
and carrying them on the rolls. The remainder 
of the deficit will be met out of the residue of 
some $46,000 left in the Special Fund for Publica- 
tions, contributed some years ago to meet pub- 
lication costs during periods of reduced income. 
The current levy on the fund will practically ex- 
tinguish it for the time being until surplus can 
again be directed to its replenishment. 

Authority was voted to engage an advertising 
salesman for the “Journal of Metals” and “Min- 
ing Engineering” in the territory centering in 
Chicago, and Joseph Halloran was subsequently 
engaged for the job. 

Besides President Young, those present at the 
meeting included Donald H. McLaughlin, E. E. 
Schumacher, Erle V. Daveler, Clyde E. Weed, 
Andrew Fletcher, H. A. Maloney, and Edward H. 
Robie. 
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Drift 
of Things 
by Edward 3. Robie 


Effect of Dues on Membership 


Many AIME members have expressed an inter- 
est in whether or not the increased dues have 
been the cause of an abnormal number of resig- 
nations. It is, of course, too early to say with any 
definiteness, for as this is written, early in Janu- 
ary, Many members have only just received their 
bills for 1950, and a considerable number do not 
normally pay them for a month or two. They 
would not be likely to resign until faced with the 
stark necessity of writing out a check. Still, the 
data available at the end of the year show no 
cause for alarm, and certainly do not bear out 
the ideas expressed by the prophets of doom last 
spring who warned that the loss of members 
would more than balance any increase of income 
through the raising of dues 

To establish whether or not something is ab- 
normal, one must first Know what is normal, so 
let us go back to an average for the years 1946- 
1948 inclusive. In those three years, 0.9 percent 
of the enrolled members died; 1.1 percent re- 
Signed in good standing; and 2.3 percent were 
dropped for nonpayment of dues. In 1949, faced 
with an increase in the dues for the next three 
years, just exactly the same percentages died, 
resigned, and were dropped for arrears in dues 
Without any unusual membership campaign, 
AIME membership—and all these data are ex- 
clusive of Student Associates—-showed a greater 
net gain last year than it did in 1948, the respec- 
tive figures being 687 and 580. 

We have seen many of the letters of resigna- 
tion, and the bulk of them seem to be in two 
categories (1) those whose interests are no 
longer in the field of the Institute, or only partly 
so; and (2) members in foreign countries who 
have to pay what are often excessive sums in 
their own currency to secure American dollars 
The Directors of the Institute are sympathetic 
to this latter group, and if any use could be made 
of foreign currencies would be glad to allow dues 
to be deposited in foreign countries, but un- 
fortunately all the bills that the Institute incurs 
must be paid in American dollars 

In the data previously quoted, it is notable that 
more members are suspended for nonpayment of 
dues than resign. Many times these members 
later apply for reinstatement and are chagrined 
to find that they must pay up their arrears, or 
up to $20 thereof, in order to be reinstated. They 
perhaps regard AIME membership like a magazine 
subscription—if you don’t want it any longer you 
just stop paying for it and ignore the numerous 
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letters you receive from the publisher. The AIME 
is different. Members are in good standing for 
three months after their dues are payable—or 
until March 31. In that time they can resign, and 
should they later wish to apply for reinstatement 
there will be no new initiation fee or any arrears 
in dues to pay. But if Institute headquarters does 
not hear from you we assume you are on a safari, 
continue to keep your name on the rolls, print 
it in the Directory, and try to print enough extra 
copies of your favorite journal so that you can 
have the back numbers if you wish, when your 
check finally arrives. Members are not dropped 
until they have been in arrears for two years, and 
many pay their arrears in the second year. 


Professional Interests 
Within the last two or three months all AIME 
members (exclusive of Student Associates) have 
received a card asking them to check (1) their 
major professional interest as expressed by the 
activities of one of the ten Divisions of the Insti- 
tute; and (2) all Divisions in which they may 
have an interest. Some 9000 replies have now 
been tabulated, which represents more than half 
1f the Institute membership, so should be a good 
ample, and we hasten to give readers the results 
to date 
Major Technical Interest 
Percent Percent 
of of 

Division Number AIME_ Branch 
Mining, Geology, and 


Geophysics 2380 26.6 57.5 
Minerals Beneficiation 605 6.8 14.7 
Coal 816 9.1 19.6 
Industrial Minerais 339 3.8 8.2 

MINING BRANCH 46.3 100.0 
Extractive Metallurgy. 540 6.0 22.8 
Iron and Steel 734 8.2 31.2 
Institute of Metals 

(physical met.) 1083 12.1 46.0 

METALS BRANCH 26.3 100.0 
Petroleum (Division 

and Branch) 2251 25.2 100.0 
Mineral Economics 

(no Branch affil.) 138 1.5 
Mineral Ind. Education 

(no Branch) 56 0.6 

Total 8942 99.9 


| 
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Desired Divisional Affiliations 

Percent 

of 

Percent Mem- 

of Total bers 

Selec- Re- 
Division Number _ tions plying 

Mining, Geology, and 

Geophysics ......... 4213 20.3 47.1 
Minerals Beneficiation 2274 11.0 25.4 
1533 7.4 17.1 
Industrial Minerals ... 2039 9.8 22.8 


MINING BRANCH 


Extractive Metallurgy 
Iron and Steel 
Institute of Metals. 


METALS BRANCH 


Petroleum 

Mineral Economics 

Mineral Industry 
Education 


20,749 99.9 


The foregoing data are based on returns from 
55.2 percent of the Institute membership that 
had been received when the survey was made, 
so by simple arithmetic the officers of every 
Division can figure out just about how many 
AIME members are interested in their Division. 
For instance, 6.8 percent of Institute members 
are primarily interested in mineral beneficiation, 
but 25.4 percent are more or less interested. On 
the other hand, 25.2 percent of the membership 
is primarily interested in petroleum, but only 31.0 
percent have any interest at all in that field, 
which would be expected. 


New Members 
We fear this department is getting pretty sta- 
tistical this month, but in connection with the 
foregoing data the Branch affiliation of those 
who applied for membership in 1949 is of inter- 
est. The number of applications for member- 
ship received from those who had not previously 
peen members (excluding new Student Associates 
but including changes of status of Student As- 
sociate to regular grades of membership), plus 
reinstatements, was as follows: 
Branch Total 
Mining 471 


Metals 
Petroleum 


Percent 


Total 


Comparing the professional interests of the 
present total membership with those of the new 
applications, it is evident that the Petroleum 
Branch is growing much more rapidly than either 
the Mining or Metals Branches. Possible reasons 
for this are: (1) the petroleum industry is grow- 
ing faster than the other branches of the mineral 
industry; (2) the AIME has less competition in 
the service it gives to the petroleum production 


industry than it has in the other fields; (3) pe- 
troleum men have more money than miners or 
metallurgists; (4) the service the AIME gives to 
members of the Petroleum Branch is more sat- 
isfactory than its service to the other Branches; 
or (5) the Petroleum Branch is more actively out 
for new members than the other groups. What- 
ever the reason, if the trend continues, the Pe- 
troleum Branch will before long boast of a third 
instead of a quarter of the Institute membership. 


A Job Well Done 

Especially in view of what has just been said, it 
is with sincere regret that we must accept the 
resignation of William H. Strang as Executive 
Secretary of the Petroleum Division and Branch, 
Business Manager of the Journal of Petroleum 
Technology, and Assistant Secretary of the AIME. 
For much of the progress made by the Petroleum 
Branch, Bill has been responsible. Further, his 
relations with Institute headquarters have always 
been cordial and he has done much to advance 
the interests of the Institute as a whole. It is 
good to know that it was not because of dissatis- 
faction that he left the AIME to join the produc- 
tion division of the American Petroleum In- 
stitute in Dallas—it was just that he was offered 
a much better paid job. His new office will be in 
the same building as his present one. 


Newell Appleton Office Manager 


A further step to promote efficiency in the New 
York office of the Institute was made at the be- 
ginning of the year in the naming of H. Newell 
Appleton as Office Manager. Thus is another of 
the recommendations of the Johnson Committee, 
made two years ago, being carried out. Mr. Ap- 
pleton is thoroughly experienced in his new work, 
and is well known to a large number of AIME 
members who have seen him in action at many 
meetings, particularly annual meetings and those 
of the Metals Branch. He will have complete 
charge of the service departments at Institute 
headquarters, including purchasing, addresso- 
graph, receiving and shipping, orders, filing, 
change of address, membership, and the recep- 
tion desk. In addition he will be convention man- 
ager and will have various staff duties in co- 
ordinating the work and promoting the efficiency 
of the line departments including the Secre- 
‘tary’s office, the publications and accounting de- 
partments, and the work of the Mining, Metals, 
and Petroleum Branches. Before making the ap- 
pointment the Secretary studied three volumes 
and numerous pamphlets on office management 
and we gather that it is a profession, like min- 
ing engineering, and one that has progressed 
rapidly in recent years. We have now turned 
these books over to Mr. Appleton, confident that 
he will fully live up to his new responsibilities. 
Which latter word reminds us of the nifty about 
the man who was applying for a job. His poten- 
tial employer said to him, “For this job we want 
a responsible man.” “That’s me,” replied the ap- 
plicant. “Everywhere I've worked, when some- 
thing went wrong, they told me that I was 
responsible.” 


JOURNAL OF METALS, FEBRUARY 1950—239 


48.5 
1835 8.8 20.5 
1726 8.3 19.3 
. 1978 9.5 22.1 
26.6 
.. 1527 7.4 17.1 
855 4.1 9.6 
jer 
| 
404 35.5 
1137 


ersonals 


G. R. Brophy 


became head of m 
the New Eng- 4 
land technical 4 


section of Inter- 
national Nickel’s 
development 
and research di | , 
vision in Hart- 

ford, Conn., on 
Jan. 1. He has 

been with Inter- —— 
national Nickel 
since 1936 when 
he joined the 
research lab at 
Bayonne, N.J., as 
a research met- 
allurgist; later 
he was put in 
charge of the 
steel section 


G. R. BROPHY 


Francis C. Albers changed jobs recently; he was with 
the Caterpillar Tractor Co., but now works as metal- 
lurgist with the Chicago Pneumatic Tool Co. His 
home address is 18659 Meyers Rd., Detroit 21 


Henry B. Allen, executive vice-president and secre- 
tary of the Franklin Institute of the State of Penn- 
syivania, received the degree of doctor of engi- 
neering, honoris causa, from Drexel Institute of 
Technology at graduation exercises on Dec. 13. The 
citation read ‘engineer, man of science, and dis- 
tinguished executive officer of the Franklin Insti 
tute, whose contributions to the progress of science 
the advancement of technical education, and to the 
promotion of the public welfare mark him as one ol 
the foremost citizens of the Commonwealth In 
his address to the graduates, he charged them with 
the responsibility of applying the Moral Laws, that 
have been known for centuries, to their lives as they 
go forth into their chosen careers 


With the arrival 
of 1950 the 
Driver-Harris 
Co., of Harrison 
N. J., completes 
fifty vear in 
business From 
its Insignificant 
beginnings 
Driver-Harris 
has grown to be 
the largest com 
pany in the 
world devoted 
exclusively to 
the manufac 
ture of electrical 
heating and 
heat -resisting 
alloys. Frank L 
Driver, Jr., presi 
dent of the firm, say they ll continue to aim at 
their original tare to develop new alloys, and then 
make them better rhe company started with that 
aim in view in 1899; at the first meeting 


FRANK L. DRIVER, JR. 


the board 
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of directors on Dec. 28 of that year, the minutes read 
“The treasurer reported that all subscribers to the 
Capital Stock with which this Company commenced 
business had paid in full and that the said sum, 
to wit, 1400 dollars, was now in his possession.” To- 
day the plant occupies more than four city blocks, 
manufacturing over eighty different alloys to meet 
the needs of the electrical, electronic, and heat- 
treating fields. Plants are operated in England, 
Ireland, France, and Italy. 


E. L. Badwick is working in Harrison, N. J., as a 
metallurgist in the Hyatt bearing division of the 
General Motors Corp 


Robert D. Black, June graduate of Fenn College, 
Cleveland, is working for the Youngstown Sheet and 
Tube Co. in the metallurgical department of the strip 
mill division 


sion of the Alu- 


Hans H. Bernhardt is working for the U. S. Expansion 
minum Co. of 
America, became 


Bolt Co. in York, Pa 

Maurice W. 

Daugherty, chiet 

of the Cleveland - 

research divi- 

secretary of the 
aluminum re- 


search labora- 
tories at New wwe \ 
Kensington, Pa j 

on Feb. 1. He 


joined the com- 
pany in 1923 at 
New Kensington 


and served at 
Niagara Falls 
before going to 4 
Cleveland in MAURICE W. DAUGHERTY 


1931 where he 
organized and developed the corrosion laboratory 


Joseph A. Brown graduated from Penn State with a 
B.S. in metallurgy last June and is employed as a 
metallurgical trainee for the Carnegie-Illinois Stee! 
Corp. at the Gary sheet and tin mill. His address is 
950 Cleveland St... Gary. Ind 


Frederick H. Buttner has been appointed an instruc- 
tor in the department of metallurgy at MIT. He has 
been a member of the MIT research staff since Oc- 
tober 1947 


Arthur A. Center, consulting engineer of San Fran- 
cisco, has been given a certificate by the State of 
California as a professional engineer in chemical 


engineering 


Goldye Cohen, graduate student at the Polytechnic 
Institute of Brooklyn, has been elected president of 
the Delta chapter in the metropolit of the 
National Honor Society of Women E She is 
the first woman to take her degree in metallurgy at 
the Polytechnic Institute; she graduated magna cum 
laude last June 


° 
‘ 
4 
‘ 3 
. 
vert 
| 
| 


Leonard Frank has moved again, this time to 32 Kel- 
ston Rd., Whitechurch, Cardiff, Great Britain, where 
he is a metallurgical observer at Guest King & Bald- 
wins Steelworks. 


J. E. Jacobs has 
been appointed 
an assistant 
general manager 
of the Lacka- 
wanna plant of 
the Bethlehem 
Steel Co. After 
working on the 
Metallurgical 
Advisory Board 
and with several 
steel companies 
he went to Beth- 
lehem in 1935 as 
a research en- 
gineer. The fol- 
lowing year he 
was transferred 
to Lackawanna 
where he served 
as assistant engineer of tests, assistant to the general 
manager, and management’s representative in charge 
of industrial relations. 


J. E. JACOBS 


H. W. Franz writes from Biak. Dutch New Guinea: 
after a pleasant trip and two weeks in Batavia, we 
find ourselves on a beautiful (?—the query is his) 
South Sea island, having to reclaim aluminum from 
war planes and having next to nothing with which 
to build a proper plant. We have violent rain storms 
and at times rather high winds. The climate is not 
too hot and about as humid as Panama. Living con- 
ditions are a little on the rugged side as there isn't 
much left of the former Allied base. 


William Gummere has retired as director of indus- 
trial relations for J. A. Roebling’s Sons Co., Trenton, 
N.J 


Gale S. Hanks resigned as gas chemist and metal- 
lurgist for the Kennecott Copper Corp. at the smelter 
at McGill, Nev., to become a metallurgist on the staff 
of the University of California at the Los Alamos 
Scientific Laboratory in the “Atomic City” of Los 
Alamos, N. Mex. His address there is 3936 B. Syca- 
more St 


Charles E. Hauer, June graduate from Case Insti- 
tute of Technology, is working for the Bethlehem 
Steel Co. His address is 624 Somerset St., Johnstown, 
Pa 

Clifford F. Hood, president ,of the American Steel & 
Wire Co., Cleveland, became president of another 
U. S. Steel subsidiary, the Carnegie-Illinois Steel 
Corp. on Jan. 1. His is an American success story 
from operating clerk in one of the plants of Amer- 
ican Steel & Wire to the presidency of the largest 
steel producing subsidiary of U. S. Steel. Following 
graduation from the University of Illinois, he worked 
with Packard Electric Co. until 1917 when he became 
an operating clerk in the Worcester plant of Amer- 
ican Steel & Wire. His work was interrupted by 
service in the Coast Artillery during World War I, 
but he rejoined the company in 1919 as foreman of 
the electric cable department. He advanced from 
assistant superintendent to superintendent to as- 
sistant manager of the entire Worcester district 
operations. In 1935 he was transferred to Cleveland 
as vice-president in charge of operations and in 1938 
was made president of the company 


Zay Jeffries retired as vice-president of the General 
Electric Co. in charge of the chemical department on 
Dec. 31. A pioneer and leader in the fields of chem- 
istry and metallurgy, Dr. Jeffries during the war was 
vice-chairman of the War Metallurgy Committee and 
chairman ef two of its subcommittees. He also 
served as consultant on the Manhattan Project. He 
has been a member of GE's four-man committee 
which administers the nucleonics project. In 1911 
Dr. Jeffries joined the faculty of the Case School of 
Applied Science and in 1915 became director of re- 
search for the Aluminum Castings Co. He began 
service with GE in 1914 as a consultant to the Na- 
tional Lamp works, served as president of the Car- 
boloy Co., and in 1945 was made a vice-president by 
the GE board of directors and placed in charge of 
the newly formed chemical department 


T. J. Jensen has been made sales manager of the 
Colorado Iron Works Co. Before joining Colorado 
Iron Works in 1943 as field engineer, Mr. Jensen 
worked for mining companies in the States, Alaska, 
and South America. 


James W. Kirkpatrick has been made chief metal- 
lurgist in the Youngstown district of the Youngs- 
town Sheet & Tube Co. He had been associated 
with H. A. Brassert & Co. and the Carnegie-Illinois 
Steel Co 


John P. L. McMahon, formerly with the Pittsburgh 
Steel Co., is melter foreman for the Wickwire division 
of the Colorado Fuel and Iron Co. His address is 
192 Laird St., Buffalo, N. Y. 


H. M. Rich, Jr., 
has been ap- 
pointed general 
sales manager 
of the electro 
metallurgical 
division of the 
Union Carbide 
and Carbon 
Corp. effective 
Jan. 1. He has 
been with the 
corporation 
since 1942 after 
ten years with 
Hickman Wil- 
liams and Co. in 
Detroit. He will 
continue to 
make headquar- 
ters in New 
York 


H. M. RICH, JR. 


Robert F. Mehl, director of the metals research lab 
and head of the metallurgical engineering depart- 
ment of Carnegie Institute of Technology, has been 
appointed a member at large of the National Re- 
search Council of the National Academy of Science 
for a three-year term 


William J. Phillips is director of product development 
for the Steel Founders’ Society of America, Cleveland, 
Ohio 


Albert E. Rising, Jr., has his offices as consulting 
metallurgist at 42 Broadway, New York City 4 

David A. Robinson has gone to South America to 
work as metallurgist for the Cerro de Pasco Corp 
in Oroya, Peru 
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Clifford E. Wenninger resigned as chief metallurgist 
of the Crawford Steel Foundry Co. to become foun- 
dry engineer in the department of mining and metal- 
lurgy at the University of Kentucky He is working 
on steel foundry research problems sponsored by dif- 
ferent private firms and the Steel Founders’ Society 
of America 


Philip R. White, after receiving his MS. degree in 
metallurgy from Columbia in October, started work 
in the metallurgy department of the General Motors 
research laboratories in Detroit 

Glen W. Wensch has become a staff member of the 
chemistry and metallurgy division of the Los Alamos 
Scientific Lab., University of California, Los Alamos 
N. Mex 


J. W. Woomer, of J. W. Woomer & Associates, consult- 
ing mining engineers of Pittsburgh and Wheeling, re- 
turned in December from a four-week trip to Aus- 
tralia. His work there covered an inspection of the 
steel company mines in Eastern Australia, followed 
by an examination of the virgin coal available in 
Western Australia for the construction of a steel 
plant in that state. The study involved entering Aus- 
tralia on the east from San Francisco and, after 
crossing Australia, returning to New York by way of 
India, Egypt. Rome, and London. The entire trip was 
made by air 


Roland S. Young has resigned as chief research 
chemist to Rhokana, Nchanga, and Broken Hill com- 
panies of Northern Rhodesia to become director of 
the Diamond Research Laboratory in Johannesburg 
Dr. Young will still retain close contact with the 
base metal industry through his association with the 
Anglo American Corp. of South Africa 


Obituaries 


William E. Brewster (Member 1933) died suddenly on 
Dec. 19, 1949, at his home in Chicago. He was born 
at Iron Mountain, Mich., on June 14, 1889, and after 
preparing for college at Hotchkiss, entered the Shef- 
field Scientific School from which he was graduated 
in 1910 

In September of that year he became associated 
with the Wisconsin Steel Works of the Internaticnal 
Harvester Co. at Chicago, and remained with the 
company throughout his entire industrial career. Mr 
Brewster was appointed assistant blast furnace super 
intendent of Wisconsin Steel in 1918 and became 
blast furnace superintendent ten years later. Then 
in 1936, he was appointed assistant general superin- 
tendent and became general superintendent in 1945 
Two years later he was made manager of operations 
for the steel division, holding this post until he re- 
tired in 1948. He was called out of retirement in June 
1949 by the government to serve as ECA and US 
1 advisor in Austria, completing the assign 


Army steel 
ment on Nov. 15 

Mr. Brewster became a member of the AIME Execu 
tive Committee in 1940 and was elected a director of 
the Institute in 1946, becoming the first to have two 
votes by virtue of being chairman of the Iron and 
Steel Division as well as an elected director 

Endowed with a keen mind and sound business 
judgement, he was an effective leader and counselor of 
men. He considered the developing of young men in 
his organization just as important and worthwhile as 
the making of steel. He left his mark in his com- 
munity, in his company n the steel industry, in 
character building institutions, and in his church 
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Would that every man emulate his example, that of 
leaving the world just a little better than the way 
he found it. No finer tribute can be paid William E. 
Brewster than the fact that he not only earned the 
respect of all who knew him but he also endeared 
himself to all who knew him.—R. A. Lindgren. 


Crispin Oglebay (Member 1922), who had resigned as 
president of Oglebay, Norton & Co. only shortly be- 
fore, died on Oct. 23, 1949. He had been active in the 
affairs of the company for many years and at the 
time of his death was chairman of the board. His 
hobbies included tree conservation and race horses 
Three days before his death, one of his horses, Lock 
and Key, won the $10,000 Chevy Chase handicap and 
broke the track record. 


NECROLOGY 


Date 

Elected Name 
1937 E. L. Bruce October, 1949 
1920 K. P. Campbell Dec. 7, 1949 
1935 Harvey Hardison Dec. 8, 1949 
1928 Louis W. Hill Apr. 28, 1948 
1946 George M. Krauss Nov. 12, 1949 
1949 William J. Lynott Nov. 16, 1949 
1912 E. J. Newbaker June 10, 1949 
1922 Crispin Oglebay Oct. 23, 1949 
1896 George Rice Jan. 4, 1950 
1901 Josiah E. Spurr Jan. 12, 1950 


Date of Death 


—Proposed for Membership— 


Total AIME membership on Dec 31, 1949. was 16,315: in 
addition 4.952 Student Associates were enrolled 
1DMISSIONS COMMITTEE 


James L. Head, Chairman; Albert J. Phillips, Vice-Chai 
e B. Corless, T. B. Counseiman, Ivan A. Given 
Robert L. Hallett, Richard D. Mollison, and John Sherman 


Institute members are urged t eview this list soon as 
the issue is received and immediately to wire the Secre 
tary’s offic night message collect. if objection is offered 
to the admission of any applicant. Details of the objection 
<) ild fol by air mail The Institute desires to extend 
its privileges to every person to hom it can be of service 
hut does not desire t admit persons unless they are qualt 

i 

In the followin list C/S means change of status; R. re 
instatement MW. Membe J Jur Mewhe iW, Ass wate 
Membe S. Student Associate 
Arizona 
fjo-N Alfred Edwir M 
Flagstaff Riddell, Richard Drake C’‘/S—J-M 
K i ner, J. W er 1-M 
ne Duttor va Arr i 1-M 

ape Sherman, Fr W ir. 
Tu n Harshbarger John Willian Cc 

Seton Sawver cs 
Alabama 
Birmi am Pagel, Herbert Edwin. Ste 

Edward Henry R. c 
California 
Bakersfield. Hiatt, W N. (C S-—J-M 
F Cox, Euge Le ics SM 

i 1M Bert Hathaway C/a—J-M 
H t Beach in, ¢ r Arthur cS J-M 
H finugton Pa Hill lohn cS JI-M 
I J Jeffer Alba Willia Cc S-J-M 
I I h Schaller, Herman t S..J-M Turner 
I vy Jack Van Dy} ‘ bert F Ir (cS 
1-M 
J s Lin 
1-M? 
1-M 


| 
4 
| 
if ‘ 
Palo Alto—Nines. Charles Buford. (C’SJ-AM). Schetlinger 
(Alfred) Kenneth. (C S-J-M 
be | 


Pasadena—Six, Clarence W. (AM). Sumner, Edwin Vose 
(C/S—J-M). Terry, Paul Emmett. (M) 

Piedmont—Hassan, Edward A., Jr. (C/S—J-M). 

Pomona—Maak, Charles Henry. (C/S—J-M) 

San Jose—Rose, R. Burton (C,S—J-M) 

San Marino—Gates, Charles Fredrick. S—J-M) 

South Pasadena—Hester, Walter B. (C S-AM-M) 

Taft—Ganong, Richard Alonzo. (J) 

Whittier—Ledbetter, Jerry Talbert. (C/S—J-M). Partridge 
Padraic. 1) 


Colorado 


Golden—Smith, Sigmund Levern. (C/S 
Rico—Hinckley, Sherman Bitner. (R 


Ce eticut 

Bloom field—-Seltzer, David Donald (C 
Fuirfield—Sistare, George Henry. 
New Canaan— Olmstead, Joseph Nye 
Plantsville—Mohr, James H. 
Riverside Sibley Arthur H 

Stamford Haskell, Richard M 3 
Westport Foley, Rupert Merrick (M) 


Delaware 
Wilmington—Peterson, Erle W. (C/S—J-M) 


District of Columbia 


Washington tall, Douglas. (C S—J-M). Graham, Gordon 
Marion, (C/S—J-M). Moyer, Forrest Theodore. (C S—J-M) 


Florida 
Bartow—McMullen, Donald Guy. (C/S—J-M) 
Elwood C. (M)} 
ater ch-Forth, Courtney Adolph. (C S-J-AM) 
Lakeland—-Allen, Willie Alton. (M). Elliett, Fernley Harold 
Jones, Benjamin Pierce. (M). Uhland, H. E. (R--J) 
Mulberry Hatch, John Francis. (C’S—-S-J). leenogle, Karl 


suster, Jr. (J) 
Pierce Wood, Allen Kelsey, Jr. (J). 


Georgia 
Augusta Berg, Eric Allan. (C S—J-M) 


Idaho 

Kellogg Bacon, Charles. (C S—J-M) 

Moscow—Jackson, Frank Lee. (C/S—J-M). Scheid, Vernon 
Edward. 


Aurora Molitor, Melvin Edward 
Benton Stephens, Robert Monroe 
Carmi—Holz, Walter Ludwig. (C/S 
Chicago—Christon, Paul Charles . 
William. (C S—J-M). Gordon *S-S-M). Holtz 
Richard Dean. (C S—J-M). Lahr Francis. (M). Pi- 
gott, John Robert. (C’S-—J-M) Floryan Joseph 
(C/S—J-AM). White, Herbert A S-AM-M) 
‘lora Grady, Guido Otto. (C’'S-J-M) 
Hinkdale- Jaicks, Frederick Gillies >/S—J-M) 
Donald Gray. 
Molyneaux, Norman. +M) 
rnon—Atkinson, Jerre] Raymond 
Waukegan—Lenz, William Henry. (CS 
West Chicago —Kremers, Howard E. (M) 


Schmidt 


Indiana 


Boonville McClevey, Robert A., Jr. (C 
East Chicago McClure, Calvin Alexander. (M 
Gary Browr Joseph Andrew. (C S-S-J) 
Logansport —Lawrance, Robert Pryor 


lowa 
Waterloo Schaffer, Harry John. (AM) 


hansas 


Baxter Springs- Powers, Harold Auburn, (C'S 
Chase Rasmussen, Lyman Merrill. (C S-S-AM) 


Kentucky 
Greenville-—Lamb, Charies Mitchell, Jr. (J) 


Louisiana 
Rouge Manville hion Francis. (C 
Van Horn i Gi (Cc /S—S-J) 
Vitter Leopold, Jr. | 
Alexander, Jr 


coh William Jame (Cc 
nold Ame Johr Alfred. (J) 


Field, Elmer 


Massachusetts 


Cambridge—Wagner, Carl. (M). Walters, Stanley Hardy 
( ) 

New Bedford—Knight, Stanley Storer. (C/S—J-M) 
Watertown—Fayerweather, John. (C/S—S-J) 


Michigan 

Ann Arbor—Ewing, John Frederick. (J) 
Neqaunee- Boyum, Burton Hill, 
Port Huron Krupp, Roland Gerard. (CS 


Minnesota 


Colerame— Johnson, 
Roger. (C'S 

Marble—Olson, Reuben Lester. S—J-M) 

Minneapolis—Sartell, Jack Albert. (J) 

North Hibbing—Wood, Edwin Townsend. (C S—S-J) 


Everette Dan. (C/S—J-M). Lerohl, Iver 


Missouri 


Desloge— Riley, Mard Edward, (C S 

Hayti Kidwell, Albert Laws. (C S—J-} 
Herculaneum Huddleston, Finis Samuel. (M) 
Rolla Winston, John Stanton. (C S-S-M) 


Montana 


Butte—Barrios, Alberto Hoeck. (C S—S-M) 
Great Falls—-Eastman, Robert Allan, (C S-—S-J) 


Nevada 

Boulder City—Jacobs, James Harrison, (C S-—J-M) 

Bristol Silver Werner, Donald G. (AM) 

Goldfield Hargrove, Frances Donald. (M). Hisle William 
Hugh. «(M) 

Round Mountain Pratt, Morton Edison. (C M) 
Voodworth De La Mare, Grover Whitby. (C S-J-M) 


New Jersey 

AvenalStendahl, Gunnar D. (M) 

Morristown Hearn, Ira Kendell, Jr. Hearn, Jane 
Kessier. (C/S—J M) 

Nutley Hawkins, Jesse Mills. (M) 

Perth Amboy Grodner, Abraham. (M) 

Ridgefield Park Adkins, Robert Charles. (AM) 

Upper Montclair Kuzmick, Jerome Florian, (M) 

Westfield Elliott, John Frank. (C S—-S-J) 


New Mexico 
Albuquerque Hillyer. Larry DeWitt. (C S--S-J). MeCroden 
Thomas James. (C S—S-J) 
Carisbad—Arend, Carl A., Jr. (M). Greene, Lioyd Morris 
J-M). Jameson, Elmer Eugene, Jr (J). Matheson, 
K. (C/S—J Murray, Jordan Stephens. (C5 
Pressnell, Clarence Eugene (M) Reeder, Robert 
Thomas. (C S—S-J) 
Hurley Winn, William Howard. (C S—J-M) 
Magdalena Matthews, Gilbert John. J-M) 


New York 


4/bany Platt, Douglas Howard. (M) 

Bayside Maloof, Samuel Barakat. (C’S 
ooklyn -Miles, Frederick Victor. (C$ 

Floral Bes liys Antoine 

Hempstead—Carroll, John Marion. (¢ 

Kenmore Hibbard vid Sharpless. M) 

Vew York Cudroff, L (M). Dennis hard 
Link, Walter Kari Rynaliski, Augustyn T. (MM). Sisto 
Joseph A. «(M). Skinner, Charle F. J-M). Willner 
Abner Robert. (C S-S-AM) 

Scarborough —Emison, John Clinton. (M) 


R 


Ohio 

Cadi Nelms, George Charle S.-J) 

Canton Hontas James Peter -J-M) 
(AM). Walther, Harry Fred 

Chesterland Mumma, Harries V/S-J-M) 

Cleveland -Irwin, J *reston 

Columbus Jaffee, Robert I 
(c/S—8-J) 

Euclid Dennis, Howard J 


Ludwig, Carl 


Pincus, Howard J 


Oklahoma 
ian Schnee, Verne H 
oma City—Eyler, Albert Taylor, Jr. (R, 
iteley, Burton W. (C SJ 
Valley Hardebeck, Edward James ic S-S8-J) 
Chapman, Robert Bruce (C/S-—J-M) Culp, John 
(CS JI-M). Keller ace O. 
Milien, Robert Edward. (CS M) Moore, John Is 
S—J-M). Nedom, H. Arthur. (C S-S-J) 


Oregon 


Albany Rasmussen, Robert Thor 
Portland Dole. Hollis Mathews 
Troutdale Amo Lioyd, Arthur 
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M) 
J-M) 
J-M) 
SJ-M) 
J-M) 
, 
* 
S S-AM) 
(Cc S JI-M) 
Maryland ald Cc. (Cc S~—J-M) 


. 
Pennsylvania Alaska 
Beaver Peterson, Karl Freeman. (C S—J-M) Nome—Lomen, Alfred J., Jr. (C’S—S-AM) 
Good, Robert Charles, Jr. (C/S—J-M) 
Wagner, George Edwin. (M) ritish Columbia 
Jone Sheldon, (C S J-M 
Trout, Harry E Ir (CS Alice Rosen, Philip Edward. (C S—S-J) 
Gray. Carlyle. (J) Rossland Whiton, Leslie Victor. (R, C S—J-M) 
Tomaszewski, John Martin. (C S S-J) 
minguez, Ezequiel Chavez. (C SJ-M) Ontario 
e Franklin. (C’/S—J-M Falconbridge—Walton, Alan Kingsley. (C S—J 
nyton MeClinteck, Thomas Irvin. S—J-M) Haileybury Atchison, Daniel W. 
ytor rhomas Settle. (M) Owen Sound—Fairtield, Herbert Holloway. (M) 
Held, Liewelly John. Sault Ste. Marie- Barber, James Edgar. (C S-J-M) 
Pittshurqgh Conroy Edward Hubert Ir (AM) Haines Swastika~ McBean, John Williams. (C S—J-M) 
yf Harry William, Jr. (J). Lustman, Benjamin. (C S--J-M) Toronto Laird, Harry C. (C/S—J-M) 
‘eterson, John Loui (R, C S-—S-M). Simnad, Massoud T 
(J). Vonfeld, Jacques Martin. (C S—J-M). Walmer, Charles Quebec 
Rict d. (AM) 
Pleasant athert C. Montreal Michaud Joseph Marcel. (M). Weigel, Melvin 
Punssutawney- Bullers, William Irvin. (C S—J-M) ‘owell, (M) 
Scottdal Maxell (Ane Nitro MelIntosh, Jack Lorne. (C S—J-M) 
Secane lishouse, Mervin Sorber, Jr. (M) 
a Uniontown Oppermann, Albert J. (M) Mexico 
Monterrey, Neuvo Leon-Villareal, Eduardo Mauricio, Jr 
seuth Carolina (Cc SJI-M 
York. Beer Seymour Jame (Cc 
‘ Nicaragua 
Tennesses Siuna—Plecash, John. (R, C S-—S-M) 
Copperhill Flournoy, Ezell. (M) 
Texas Pinar del Rio Sykes, Robert Edward. (C S—S-J) 
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Effect of 


Melting Practice 


On Hydrogen 


by Sam F. Carter 


ype is the concluding portion of a two part article which presents a number of quanti- 
tative hydrogen analyses of some electric arc-furnace steels with varied melting practices 
Last month the author reviewed past research contributions and described the experimental 
methods used in this investigation and gave a discussion of results for carbon steels. Here, 


this discussion is continued, along with an analytical study of evolved gases 


ipo objective in heats C-17 and C-18 was a 
study of hydrogen pickup from newly lined 
ladles. Previous research has indicated that hy- 
drogen is absorbed readily from wet ladles and 
sources of moisture contacting the steel in its 
finished and deoxidized condition. With the ex- 
ception of wet ladles, hydrogen changes upon 
tapping have been controversial and evidence 
has been conflicting. Hare and Soler indicated 
decrease of hydrogen upon tapping. Wentrup 
and associates experienced an average increase 
from tap to ingot mold on acid-openhearth heats 
but a decrease on basic-openhearth heats. Of 
the heats studied by Sims and associates, roughly 
half showed no change or a slight loss upon tap- 


ping while the other half showed increases of 
0.05 to 0.16 R.V. It was inferred that inade- 
quately dried ladles were the probable causes of 
the increases but only two newly lined ladles 
were specifically indicated. 


Sam F. Carter, Junior Member AIME, is Assistant 
Melting Superintendent of American Cast Iron Pipe 
Co., Birmingham. 

This paper was presented before the Seventh Annual 
Electric Furnace Steel Conference, Iron and Steel 
Div., AIME, Pittsburgh, Dec. 8-10. 


On heat C-5 an increase of 0.07 R.V. from a 
newly lined ladle has already been pointed out. 
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From this it appears that a physically wet ladle 
is not necessary for hydrogen absorption. In all 
probability the combined water in the clay is re- 
tained at a considerable temperature and can 
serve as a source of hydrogen. It was felt some 
quantitative correlation between ladle preheat- 
ing and hydrogen pickup should be attempted 
Principal objective was to determine if a “green” 
ladle could be given any preliminary treatment 
that would completely prevent hydrogen pickup 
The next step would be to find the heating cycle 
that appears to be the best compromise between 
the cost of the absorbed hydrogen and the cost 
of ladle treatment 

The preheating schedules of three ladles were 
followed with pyrometers. Sufficient variety was 
chosen to give some indication of the most im- 
portant qualification of preheating. Tempera- 
tures were plotted against times in fig. 5. All 
ladles were rammed from a mixture of one-third 
clay and two-thirds ganister. After air drying 
for several days each one was placed on a ver- 
ticai heating wall 

Ladle I used on heat No. C-5 was brought up 
to 500° in 3 hr with a gas flame. Left overnight, 
the temperature reached 800 F by the 16th hour 
A gas and air burner then was opened wide, heat- 
ing the ladle in six more hours to its maximum 
temperature of 2380 F before it was tapped into 
Hydrogen content increased from 0.25 to 0.32 R.V 
for a 0.27 R.V. increase from this ladle lining 

Ladle II used on heat No. C-17 was heated for 
essentially the same period of time but at a much 
higher temperature level all the way. The cycle 
included: up to 1600 in 4 hr, 1600 to 2000° for 
13 hr, from 2000° to a maximum of 2800 F in 5 hr 
No increase of hydrogen was experienced from 
this ladle. Actually a decrease of 0.04 R.V. was 
realized, from 0.19 R.V. at tap to 0.15 R.V. in the 
ladle. Although the heating cycle was extremely 
severe and often could not be justified, it seems 
conclusive proof that hydrogen pick up from a 
new ladle can be prevented, at least on this type 
of steel 

Ladle III use on heat No. C-18 was given no 
gradual heating period. The temperature was 
pushed up to 2000 F in 1 hr and to 2400° in three 
more hours. A tap hydrogen of 0.09 R.V. in- 
creased only to 0.11 R.V. A 0.02 R.V. is a neg- 
ligible increase, especially for such a low hydro- 
gen content 

The data on these three ladles is summarized 
in table II 

The reason for the superiority of ladle II over 
the other two is obvious. However, the reason for 
ladle II experiencing less increase than I is not 
30 readily apparent. The difference does not cor- 
relate with maximum temperature, total heating 
time, or area under the time-temperature curve 
Time at high temperature (2000°F or higher) 
seems to be the only factor that can explain the 
relative position of these two ladles. This seems 
reasonable in view of the temperature required 
to remove combined water from clays 
Tap samples on these two heats provide some 
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additional data on normal practice and the effect 
of the boil. Both heats melted similar charges 
and finished with short Mn-Si blocks. No addi- 
tional source of moisture was present and atmos- 
pheric humidity was essentially the. same. Be- 
cause of a bridge in melting, C-17 experienced a 
relatively mild boil with a maximum rate of 0.78 
pet C per hour. An ore down carbon of 0.27 pct 
was obtained and correspondingly high residual 
Si and Mn contents. However, a better melt on 
C-18 enabled the same ore addition to produce 
the most violent boil of this investigation, a 
maximum rate of 1.90 pet C per hour, an ore 
down carbon of 0.15 pct and the residuals were 
more nearly normal. Hydrogen contents at tap 
were 0.19 R.V. for the milder boil and 0.09 R.V. 
for the violent boil. 

Since hydrogen pickup has been experienced 
on green ladles, the possibility of equal or greater 
absorption from a newly lined furnace hearth 
was considered. The acid furnace hearths are 
lined with the same rammed material as the 
ladles and given less preheating. Heat No. C-9 
was produced on such a new hearth. A 2 pet ore 
addition generated a boil of normal violence and 
a low or-down carbon of 0.10 pet. The heat was 
blocked 5 min before tap with 0.40 pct Mn and 
0.20 pet Si. Hydrogen content as melted was 0.14 
R.V. The boil sample was inadequately killed 
with aluminum and analysis was not attempted. 
Tap sample was 0.17 R.V. and the ladle sample 
0.13 R.V. Hydrogen content of this heat compares 
closely with others with similar practices. Very 
little, if any, increase can be attributed to the 
“green” hearth aithough moisture should have 
been present in greater amounts than in the 
ladles. The most likely explanation seem§ to be 
that the water was driven off during the melting 
and oxidation stages when the oxidized condition 
of the steel prevented absorption to any signifi- 
cant extent. Such a hearth might prove more 
detrimental to an alloy heat, a carbon heat with 
a less oxidized melt-down, or a different type of 
charge. 

A survey of the carbon heats by groups pro- 
vides some correlation trends between hydrogen 
content and general practice. A condensed sum- 
mary is given in table ITI. 

The hydrogen ranges of the four groups were 
as follows 


Practice No. Heats Ladle B 

Vigorous boil; oxidized: short 

deox. time (7) 0.11-0.18 R.V 
No boil very oxidized 

throughout (4) 0.12-0.27 R.V 
No boil; excess C but no de- 

oxidizers: all dry ‘3 0.12-0.21 R.V 
Early deoxidizer or reducing 

slag; long deox. time (5) 0.21-0.35 R.V. 


The highest hydrogen heats, as a group, were 
those deoxidized early or finished under reducing 
slags. The lowest group were those made by the 
currently normal practice of a vigorous boil, ex- 
tended oxidizing period, and minimum deoxida- 
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tion period. Intermediate hydrogen concentra- 
tions were obtained from charges of rimmed steel 
not boiled but melted and kept very oxidizing. 

In each of these groups, heats exposed to addi- 
tional moisture or high atmospheric humidity 
were generally in the upper part of their respec- 
tive ranges and slightly higher than drier heats. 
However, chemical condition of the steel seems to 
be a more dominant factor in absorption. Some 
of the oxidized heats absorbed less hydrogen 
when sprayed with water than was absorbed by 
some of the reducing heats from the natural hu- 
midity of the atmosphere. 

The low hydrogens from the rimmed steel 


TABLE If 
Hydrogen Pick Up from New Lined Ladles 
Ladles 

il 

Total heating time, hr 22's i 22 
Maximum temperature, 2800 2400) 238) 
Time above 1600°F, hr Is}, By i 
Time above 2000°F, hr 544 3 2 
Hydrogen before tap, R.V 0.19 0.09 0.25 
from ladle, R.V O15 0.32 

Change from ladle 0.04 0.02 0.07 


charges without boiling suggests that all charges 
do not invariably melt high in nydrogen and re- 
quire extensive elimination. However, on the 
basis of the experience of this investigation, 
rimmed steel scrap would be expected to melt 
lower in hydrogen than most other types. Such 
steel was originally produced under such oxidiz- 
ing conditions that a very high hydrogen content 
as melted would have been prevented. The ab- 
sence of deoxidizers plus the gas evolved would 
have carried away much of the hydrogen during 
solidification of the ingot. More hydrogen would 
be expected to have left the thin section plate 
over a period of years of service and another pe- 
riod of months on the scrap pile. This would 
leave relatively little hydrogen left in the scrap 
plate by the time it was charged into the furnace. 
Preheating prior to fusion by the are might drive 


TABLE 


out still more hydrogen if the moisture content 
of the surrounding atmesphere were not too high. 
The more deoxidized killed steel and cast-steel 
scrap would be expected to contain more hydro- 
gen both because of the possibility of higher con- 
tent as melted as well as proportionately less loss 
by natural ageing. Gates and risers of cast steel 
might be returned and charged for remelting 
within a few days after casting and before much 
hydrogen has been lost, especially from the heav- 
ier sections. Furthermore, if a deoxidized bath 
absorbs hydrogen more readily than an oxidized 
bath then a deoxidized charge would be expected 
to absorb hydrogen more readily in melting than 
an oxidized charge. For these reasons the make- 
up of the charge seems important. The experi- 
ences on these rimmed-steel charges should not 
be applied to charges made up of higher per- 
centages of cast steel usually used, without some 
further investigations. 

The practice that produced the lowest hydro- 
gens under all conditions was a combination of a 
vigorous boil and an extended oxidized condition. 
Apparently, the boil functions principally in 
elimination and the prolonged oxidized condition 
in the prevention of absorption. Seven of such 
heats finished with ladle contents ranging 0.11 to 
0.18 R.V. One of these melted a wet charge, one 
melted on a green hearth, and two were sprayed 
with water throughout. A vigorous boil seemed 
more effective in counteracting a moisture-satu- 
rated atmosphere than any other condition. 

The characteristic of the boil that gave the best 
correlation with hydrogen content after the boil 
was violence of maximum rate of carbon elimina- 
tion. Although the data is scant, the eight heats 
boiled against a continuous water spray should be 
a severe test for elimination effectiveness. In 
table IV all heats are arranged in the order of 
their maximum carbon elimination rate. Within 
the experimental limitations the hydrogen con- 
tents after the boil showed a definite decrease 


Summary of Final Hy lreogen Contents—Carbon Steels 


Hydrogen KV. 


No Moisture Atm.** Characteristic of Practice Tap Ladle 
Normal Practice. Vigerous boil, Shert or no block 
Dry SS Violent boil: & Mn-Si block 0.08 
c-1 Dry a2 Late boil: 7 Mn-Si block 013 (—0.15) 
C-17 Dry su Mild Hi © boil; 10° Mn-Si block 0.19 O15 
C-2 Damp chg 95 Low C, ox. boil; 6° Mn-Si block 0.21 Os 
c-19 New hearth as Low C, ox boil; 5) Mn-Si block O17 ls 
Cc Wet spray Normal boil; 3’ all Mn-Si 0.18 
c Wet Spray Mild, Hi C boil; 3° all Mn-Si 0.18 


Neo boil. Low-C charge. Very oxidizing througheut. No block 


c-5 Dry 6 No boil; 3 all Mn-Si (—0.10) 0.12 
Cc-6§ Wet. Spray No boil; 3 all Mn-Si 0.15 O17 
C-7 Wet Spray. Pole Ditto, but less oxidizing 0.25 32° 
S Wet hearth. Leak Basic. Mild boils; 3’ all Mn-Si 27 


Cast irons from steel chg 


No boil, ne oxidation 


c.9 Dry (basic) 45 Rim chg. Dead melt with C si 0.12 O13 
c-Ww Dry (acid) 105 Rim chg. Dead meit with C Ss 019 
Dry tacid) 72 Kill che. Dead melt with C Si 021 


hartier deoxidizer addition 


C-12 Late leak 4140 steel. Boil 
C-13 Dry Red. 2nd slag 
c-15 Early spray 125 Violent boil. I 
C-16 Early spray eo) Mild boil. Red 
c-14 Wet. Spray Early Si block 


* Indicates unusual increase in tapping from new lined ladle 
** Atmospheric moisture in grains per Ib of dry air 


and or reducing slag 


10° Mn-Si block 0.25 
& block (Basic) 021 
ted. 2nd slag (0.25-0.45) 
2nd slag 0.28 
very ox. slag (0.19-0.30) 
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TABLE Iv 


Effect of Carbon Elimination Rate on Hydrogen Content 


Elim. per Minca& 
Hr, Pet Residuals 


Heats with 


sources of 
Moisture 


Additional Seurces of Moisture 


Hydrogen KV 


Melt Boil 


1.72 AVE Wet chg. Spray 0.09 

c-19 1.20 Low New hearth only 0.14 0.17 
1.09 Low Wet Spray 0.20 (0.10-0.20) 

Cc-3 Lo Avg Wet che. Spray 
C-2 0.90 Low Damp che. only (0.10-0 20) 0.21 
c.16 0.60 High Damp chg. only “22 

Cc-4 054 High Wet chg. Spray 0.19 0.29 

C-SB 040 Low Wet hearth. Leak (0.19-0.37) 

C-6 0.16 Low. Very ox Wet chg. Spray 0.15 
c-7 0.16 Low. Very ox Wet chg. Spray G. Pole 0.25 


Heats with ne Additional Source of Moisture 


Ave Dry. 88 grains per Ib air 
c.l O80 Avge Dry. 52 grains per Ib air (0.11-0.22) 0.13 
c-l 078 H Dry. 80 grains per Ib air 0.19 
c-5 0.16 Low. Very ox Dry. 60 grains per Ib air (0.10) 


with the increased violence of the boil. All five 
heats given what was considered a boil of normal 
violence (0.90 to 1.20 pet carbon eliminated per 
hr), experienced hydrogen contents in the middle 
teens after the boil. The three heats with what 
was considered mild boils for electric-furnace 
practice, (60 pct C per hr and less) were all well 
in the twenties. On the other hand the one heat 
with a very violent boil of 1.72 pet C per hour 
produced the lowest content of 0.09 R.V 

Two pairs of heats provides very good com- 
parisons on boil violence. Heats Nos. C-15 and 
C-16 melted similar charges which were water 
sprayed throughout the oxidation period. After 
the boil the content of the mildly boiled heat 
(0.60 pet C per hr) was 0.22 R.V. and of the vio- 
lently boiled heat (1.72 pet C per hr) was 0.09 
R.V. On heats C-17 and C-18 no additional water 
was added and atmospheric humidity was similar 
Boil samples were not analyzed but the tap sam- 
ples should be indicative since melting practices 
were otherwise identical. C-17 with a rate of 0.78 
pet C per hr ran 0.19 R.V. while C-18 with a boil 
rate of 1.90 pet C per hr ran only 0.09 R.V. From 
these results it appears that the internal pressure 
of a violent boil is the best means of forcing the 
hydrogen content of the metal to a low level in 
spite of a high moisture atmosphere. From all 
indications, with a high-hydrogen bath and a 
low-hydrogen atmosphere a mild boil might elimi- 
nate considerable hydrogen. However, with a 
higher hydrogen atmosphere in relation to the 
bath it appears that the violence of the boil be- 
comes increasingly important if elimination is 
to be experienced 

Other factors such as minimum residuals, car- 
bon content, FeO of the metal, FeO of the slag 
etc. have an indirect effect on boil violence. These 
factors likewise have a considerable effect on the 
degree of oxidation previous to and subsequent to 
the boil and would conceivably effect the absorp- 
tion tendency. Length of boil failed to improve 
the minimum hydrogen content. The lowest hy- 
drogen of 0.09 R.V. was obtained after the short- 
est boil of only 8 min, but the most violent one 
However, in as much as continued boiling denotes 
oxidizing conditions, reabsorption of hydrogen 
seems to be restrained. If the boil is prolonged 
at the expense of the deoxidation time then over- 
all hydrogen content might be improved. On the 
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other hand if the heat is simply prolonged for an 
extension of the boil it appears that hydrogen 
content might be higher than if the furnace had 
been driven harder, the same carbon eliminated 
in less time, and the heat tapped sooner. 

Only three carbon heats on a basic lining is an 
insufficient number to compare a basic with an 
acid lining. However, these three heats were in 
line with the acid heats of comparable practice 
and exposure to moisture. 

With the exception of the last three heats, 
nitrogen contents on these carbon steels were 
0.003 to 0.005 pct. 


High Alloy Steel 


In order to determine the hydrogen tendencies 
with large quantities of chromium and nickel al- 
loys present, ten heats of austenitic heat- and 
corrosion-resistant compositions were investi- 
gated. Six were made on a basic lining and four 
on a similar furnace with an acid lining. Table V 
contains the data on these high-alloy steels 

Before the knowledge gained by the use of oxy- 
gen, it was thought that carbon could not be 
eliminated from charges high in Cr content by 
the usual boil. Consequently, the carbon speci- 
fication determined the amount of return scrap 
used and the melting practice chosen 

One approach was to dead-melt a charge of 
maximum return scrap. Where lower carbons 
were required, it was necessary either to use all 
virgin alloys with no returns or to charge a small 
enough proportion of return scrap to permit a 
boil. Certain familiar disadvantages in cost or 
quality are associated with each method. Greater 
tendencies toward porosity have been experi- 
enced from certain practices and certain com- 
positions. No actual hydrogen analyses have been 
found reported on such compositions that would 
indicate what quantities of hydrogen are con- 
tained or what concentrations begin to cause 
porosity. Austenitic compositions have not ex- 
perienced the “flaking” tendency of carbon steels 
However, on a heavy casting in our plant fine 
cracks were developed upon welding. These were 
not experienced after changing to a practice that 
produced a much lower final hydrogen 

Heat No. H-1 is a 25 pet Cr, 20 pet Ni austenitic 
heat-resisting composition made by a dead-melt 
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practice. In a basic-lined furnace 80 pct return 
scrap was melted with enough electrolytic nickel 
squares to complete the final 20 pct nickel. A 
3 pet ore addition was charged with the scrap to 
supposedly oxidize the residual silicon, but no boil 
was produced. At 3100 F the Cr necessary to 
complete the composition was added as 70 pct 
ferrochromium. Two minutes before tap the 
necessary Mn and Si were added and the heat 
tapped at an optical temperature of 3250 ° into 
a used ladle. Hydrogen at melt was 1.00 R.V., 2 
min before tap 0.96 R.V., and in the ladle 1.01 R.V. 

On heat No. H-2 the charge and practice were 
identical and the absolute humidities similar. 
This heat was tapped into a newly lined ladle 
given a preheating somewhere between ladles II 
and III in fig 5, the best two in the ladle study. 

Hydrogen content of this heat at melt was 0.64 
R.V., at tap 0.73 R.V., and after tapping into a 
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Fig 5—Heating schedules of newly lined ladles. 


new lined ladle 0.86 R.V. According to the ex- 
perience with other “green” ladles, this one 
should have caused little or no hydrogen pickup 
on mild-carbon steels. Nevertheless, a 0.13 R.V. 
increase was experienced on this high-alloy com- 
position. 

In order to investigate the segregation and ef- 
fusion tendencies of this type of steel, a 4 in. 
block was cast in dry sand and specimens were 
cut from various depths. The sample from the 
center analyzed 0.84 R.V. which is a check with 
the 0.86 R.V. ladle sample. A sample from the 
outside edge ran 0.71 R.V. This indicates a very 
small loss, probably occurring at high tempera- 
ture as the casting cooled. However, in compari- 
son with carbon steels this is very little loss and 
a very stable and uniform concentration. Freez- 
ing directly to an austenitic form probably ac- 
counts for this uniformity. 

From these two heats it became apparent that 
steels of this composition, when dead melted, 
tend to run several times higher in hydrogen 
than carbon steels. On high return charges the 
high hydrogen content was obtained from the 
charge or absorbed in melting with little change 
in the furnace after molten. 

Another observation of practical significance 
was the fact that samples from these heats en- 
closed in glass tubes for weeks evolved no gas at 
room temperature in spite of their high hydrogen 
contents. Hot extraction required a longer period 


at high temperature. This experience suggests 
that no hydrogen is lost from these steels by 
natural ageing and that elimination of hydrogen 
by low temperature heat treatment is imprac- 
tical. This also indicates that these high final 
hydrogen contents would be retained in remelt- 
ing. With repeated reuse of maximum return 
scrap hydrogen content would probably become 
cumulative unless counteracted by dilution or 
elimination. 

The other extreme in-furnace practice is the 
more expensive use of all virgin alloy with no re- 
turn scrap, typified by the next three heats in 
table V. These are low-carbon, corrosion-resist- 
ant compositions containing 18 pet Cr and 9 pct 
Ni. On acid heat No. H-3 a charge of low-carbon 
rimmed steel and electrolytic nickel squares were 
melted with 1 pet ore. No vigorous boil was ob- 
tained but some carbon was lost in the very oxi- 
dizing melt. With the C 0.07 pet and the tem- 
perature 3100°, the calculated amount of ferro- 
chromium was added in two additions. Hydrogen 
content of the melt before the Cr was 0.22 R.V. 
After both Cr additions hydrogen at tap time had 
increased to 0.40 R.V., and after tapping into the 
used ladle 0.42 R.V. This was less than half the 
hydrogen contents of the high return heats but 
still higher than the highest of the carbon steels. 
The principal increase occurred after the Cr 
addition. 

Heat No. H-4 was intended to check the effect 
of damp ferrochromium. With this exception the 
heat was identical with H-3. The first half of 
the FeCr was damp enough to “spit” when 
thrown into the molten bath. The second half 
was partially dried with a gas torch. Hydrogen 
content after half the Cr was 0.57 R.V. and after 
all the Cr and ready to tap, 0.66 R.V. Since at- 
mospheric humidity was lower than on H-3, the 
0.26 R.V. higher hydrogen can be attributed to 
the damp alloy. 

H-5 was a basic steel made with all virgin alloy 
similar to the two previous heats with the excep- 
tion of a double-slag process used to improve 
chromium recovery. The oxidizing slag was 
drained and a reducing slag of lime, Ca Si, and 
FeSi was added. The bath was given a prelimi- 
nary deoxidation with Mn and Si before the Cr 
addition. Again at meltdown hydrogen content 
was only 0.13 R.V. in spite of the electrolytic 
nickel. After the two Cr additions under the re- 
ducing slag, hydrogen increased to 0.60 R.V. Al- 
though absolute humidity was only half, the 
basic reducing slag ran 0.20 R.V. higher than the 
acid oxidizing slag. After tapping into the ladle 
this heat increased from 0.60 to 0.79 R.V. No rea- 
son for the increase was observed. 

H-6 was a 35 pet nickel cast iron made from 
steel scrap. This heat was studied because it pro- 
vided an opportunity to separate the effect of 
nickel and chromium. Rimmed steel and elec- 
trolytic nickel squares were charged on top of 
345 pet fine graphite. In deadmelting, sufficient 
carbon was'‘absorbed and the necessary silicon 
added 10 min before tap to product a type V Ni- 
Resist iron. Hydrogen content before the Si was 
0.14 R.V. and from the ladle 0.09 R.V. The low 
content of the steel containing only Ni indicates 
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that Cr is the alloy responsible for the hydrogen 
absorption. When melted down with the charge 
in the absence of Cr, the high hydrogen content 
of electrolytic nickel is not absorbed. Whether 
the hydrogen escapes from the Ni at preheat 
temperatures or whether it was not absorbed due 
to the condition of the steel will require further 
research to determine. It is quite possible that Ni 
added to a deoxidized bath or one containing Cr 
might increase the hydrogen content. No gas was 
evolyed at room temperature from this austenitic 
cast iron indicating that Ni is apparently the al- 
loy responsible for the retention of hydrogen in 
the solid metal. This effect is probably a result 
of the austenitic condition. 

The next four heats were directed toward find- 
ing some means of reducing the high hydrogen 
contents invariably obtained from melting large 
percentages of alloy returns. Heat No. H-7 was 
boiled with ore at high temperature. After melt- 
ing a charge of 80 pct alloy returns a 3.2 pct ore 
addition was made at 3200°F (optical). At 3300°F 
a mild boil developed, eliminating 0.07 pet C over 
a period of 8 or 10 min. The supplementary Cr 
was then added. Hydrogen as melted and just 
before the boil was 0.96 R.V. The boil removed 
over half the hydrogen to a content of 0.40 R.V. 
which continued to drop to 0.36 R.V. at tap. Tap- 
ping into the ladle increased the content back to 
a final content of 0.48 R.V. 

H-8 was a similar heat in a basic furnace. 
After the high-temperature ore boil and the Cr 
addition, a fine FeSi addition was made to the 
Slag to reduce some Cr from the slag and de- 
crease the high loss resulting from such oxida- 
tion. The hydrogen as melted was 1.26 R.V. at 
2950 F. After heating to 3250° another sample 
ran 1.00 R.V. The boil again removed over half 
the hydrogen down to a content of 0.45 R.V. 
which continued the drop to 0.38 R.V. after the 
Cr addition. Ten minutes after the reducing 
agent had been added to the slag hydrogen had 
increased to 0.53 R.V. Tapping into the ladle pro- 
duced a further increase to 0.81 R.V. The ladle 
had been used but the spout was freshly lined 
and not sufficiently heated. The hydrogen pickup 
in the furnace after the reducing agent was 
greater than that experienced on other heats left 
oxidizing 


Heat No. H-9 was given a similar boil but with 
oxygen instead of ore. A melt of 80 pct return in 
a basic furnace was heated to 3200°F. Oxygen 
was injected for 10 min for a total of 315 cu ft 
per ton. After a few minutes a mild boil de- 
veloped that oxidized the carbon from 0.27 to 0.18 
pet carbon. A 1 pct addition of fine calcium sili- 
con was sprinkled over the slag to improve Cr 
recovery by reduction. Then the calculated Cr 
addition was made and the Mn and Si added 2 
min before tap. Hydrogen content before the 
oxygen was 0.86 R.V., decreased after the oxygen 
boil to 0.57 R.V., and decreased further to 0.48 
R.V. at tap. An increase to a final of 0.56 R.V. 
was experienced in tapping. 

From these three heats it is evident that a late 
oxidation of carbon, whether induced by oxygen 
gas or solid iron oxide, is very effective in re- 
moving hydrogen. The advantages of oxygen in 
more positive carbon elimination and better Cr 
recovery are well known. No doubt still lower 
hydrogen contents could be obtained by boiling 
out more carbon with more oxygen or by charg- 
ing a lower proportion of high Cr returns and 
thus obtaining more carbon elimination from the 
same quantity of oxygen. It seems quite possible 
that elimination of hydrogen might become an 
object of boiling such heats equal in importance 
to the removal of carbon. Further research 
should develop the most practical practice from 
the standpoint of hydrogen elimination, Cr re- 
covery, and scrap utilization. 

The last alloy heat investigated the possibility 
of removing hydrogen by flushing with argon gas. 
If such an inert gas could eliminate hydrogen 
like the carbon boils, the improved Cr recovery 
might justify the higher cost of the gas. Some 
hydrogen has been eliminated from the labora- 
tory melts** and flushing induction furnace heats 
with argon has reportedly decreased the fre- 
quency of pinholes. The author was afraid to 
use argon in the ladle for fear of excessive tem- 
perature drop. None of the higher hydrogen re- 
turn heats were in sight for the experiment, only 
low-C steels that required virgin alloys. 

H-10 is such a heat very similar to H-5 but 
without the double slag. A charge of rimmed 
steel and nickel was melted in a basic furnace 


TABLE Vi 
Summary of High Alley Heats 


Heat Type Moisture 


Characteristic 


Hydrogen K.V 


Neo Lining Atmosphere of Practice Melt Int Tap Ladle 
25 Cr-20 Ni steels. Maximum proportions of return. Dead melted 
H-1 Bask No boi 0.96 1.01 
H.2 \ No bol Oo “073 
Ni Steels. Max. Proportions of return. Boiled 
Acid Bo ore 0.96 0.36 o.48 
H-s Ba Boil ore. FeSi on slag 126 O38 0.53 
Basi av Boil oxveen. CaSi on slag Loo 
0.86 0.57 O48 os 
Nisteels. Virgin alloys. Steel & Ni oxidized. Cr added later 
Ht Acid ” No deox. Ox slag 0.22 ow 0.42 
Hi-4 Acid a4 Wet Cr. Ox siag 0.57 066 
Ba Deox te ng 2nd slag 060 “79 
SS Per cent Ni Cast Tron 
Ba Hs Stee Ni melted. Si added 
* Newly lined 
** Newly lined or patched furnace pout 
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TABLE 


Evolution Total Gasses Evolved, 


Time Time Temp. Gas, ml co, 0, 
No. 4 52 days Room 0.42 0.00 0.00 
36894 45 br 1925 1.52 0.00 0.00 
Tap Residual Correction 

Total 


No. 5 52 days Room 0.67 0.00 0.00 
36894 48 hr 1925° 2.23 0.04 0.00 
Ladle Correction 


Total 


No. 18 26 days Room 1.43 0.00 0.00 
36944 40 br 1925 1.10 0.00 0.00 


Correction 
Total 


Si block 


No. 22 19 days Room 0.93 0.00 0.00 
56752 40 hr 1925° 2.37 0.00 0.00 


Correction 
Total 


End boil 


No. 24 19 days Room 0.76 0.00 0.00 

56752 40 hr 1925 2.36 0.08 0.00 
Correction 

Total 


No. 53 24 days Room 0.61 0.00 0.09 

37038 lhr 1200 1.13 0.09 0.09 

Boil 70 hr 1925 5.50 0.00 0.00 
Correction 


Total 


No. 40 10 days Room 0.86 0.00 0.13 


37027 15% hr 1200 0.69 0.00 0.17 
Melt 44 hr 1925 0.43 0.00 0.00 
Correction 


Total 


No. 37 47 days Room 148 0.00 0.09* 

56807 15‘, hr 1200° 0.68 0.00 0.00 

Ladle 44 hr 1925 1.98 0.09 0.00 
Correction 


Total 


No. 8 20 days Room None None evolved 
36900 85 hr 1025 9.06 6.08 0.00 
High-alloy Correction 0.13 

Total 


* Indicative of air that leaked into tube 
** Samples ranged in weight from 44.79 to 48.39 and calculated 


and oxidized to 0.06 pct C. After deoxidizing with 
Mn and Si, the Cr was added in two additions. 
When about ready to top at 3200°F (optical), 212 
cu ft (one tank) of argon was injected into the 
2.3-ton heat. The gas was introduced through a 
refractory protected pipe near the bottom of the 
14-in. bath and moved around considerably. After 
half the argon, the bath was sampled for hydro- 
gen and a temperature reading taken, indicating 
a loss of 80°F. The second half of the tank was 
injected causing another 50°F drop. The heat 
was arced on 15 min to regain temperature, and 
tapped after the final Mn and Si addition. Hy- 
drogen content after all Cr and before the argon 
was 0.60 R.V. This is identical with the same 
sample from H-5 which had a similar practice up 
to this point and the same absolute humidity. 
After one-half the argon, hydrogen content was 
0.62 R.V., and after all the argon 0.60 R.V., indi- 
cating no elimination by the inert gas under 
these conditions. Hydrogen increased to 0.81 R.V. 
in tapping, apparently because of a green patch 
on the spout which could easily have escaped 
detection. 

Such a purely mechanical flush would be ex- 
pected to be less efficient in such a shallow bath 


Analytical Data on Gas Evolved 


vil 


co N, H, Pet Metal Pet 

0.00 0.08 0.34 S1.0 0.060 39 

0.76 O17 0.51 33.6 0.089 59 
0.02 0.003 2 
0.15 


0.00 0.08 0.59 SS 0.101 

0.80 O97 0.42 19 0.072 41 
0.01 0.001 1 
1.02 017 

0.00 0.08 1.35 0.235 

0.68 0.08 0.34 31 0.059 20 
0.00 0.000 
169 029° 


0.25 0.00 0.68 73 0.115 40 

1.44 0.00 0.93 39 0.158 a 
0.10 O.O17 6 
171 0.29 


0.17 0.08 0.51 67 0.085 47 

1.35 0.42 0.51 22 0.085 47 
0.06 0.010 6 
1.08 0.18 


0.09 0.00 0.43 0.068 31.0 

0.43 0.00 0.52 46 0.083 37.4 

5.07 0.00 0.43 s 0.068 31.0 
O01 0.002 u.6 
1.39 0.22 


0.04 0.00 0.69 SO 0.117 61.5 
0.09 0.00 0.43 62 0.073 38.5 
0.43 0.00 0.00 0 0.0 00 

0.00 00 00 


0.09 0.52* 0.78 53 0.127 60.0 
0.34 0.00 0.055 262 
0.86 0.86 O17 0.029 13.1 

ool 0.002 


0.21 


0.000 0.0 

2.12 1.78 5.08 56 0.850 98.7 

0.03 0.03 0.07 ool2 13 
5.15 O86 


volumes from 5.71 to 6.15 ml 


than in a deeper ladle or induction furnace bath. 
However, argon could not be used in any other 
manner in the plant because of the temperature 
loss. Furthermore, had the hydrogen content 
been much higher and nearer the saturation 
point a greater inclination toward elimination 
might have been experienced. No doubt under 
some conditions hydrogen can be eliminated with 
argon. But an oxygen boil seems a more effec- 
tive, less expensive and less complicated means 
of lowering hydrogen. 

Nitrogen contents of these high alloy heats 
were 0.03 to 0.06 pct which is ten times the ranges 
of the carbon steels. The higher nitrogens were 
experienced on the dead-melt, high-return heats. 
Like hydrogen the lower nitrogens were obtained 
by boiling these heats or by the use of virgin 
alloys. 

A condensed summary of the ten alloy heats is 
given in table VI. 

The most apparent conclusions from the table 
are the high hydrogen contents of these steels, 
the variations possible, and the importance of 
melting practice. The highest contents near 1.00 
R.V., resulted from dead melting high proportions 
of alloy return. Boiling these same charges easily 
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removed half the hydrogen. The use of virgin with a calculated volume of 5.71 ml was floated 
alloys, melting the Ni and adding the Cr, resulted up into an inverted mercury filled tube 3 min 
in contents from 0.40 to 0.60 R.V. at tap. These after casting. 
heats experience a much greater tendency to in- After three days 0.35 ml of gas had displaced 
crease in tapping all but two picking up 0.08 to the mercury and collected in the tip of the tube. 
0.28 R.V. in the process. One 0.13 R.V. increase This volume increased to 0.50 ml after 12 days, 
came from a thoroughly preheated new ladle and 0.80 ml after 40 days, after which it experi- 
that should have experienced no increase on car- enced no detectable increase in five more days 
bon steels. Increases of 0.21 and 0.28 R.V. were and was stoppered for shipment. Compression of 
apparently caused by new lined furnace spouts, the rubber pad reduced the volume from 0.80 ml 
Suggesting that spouts and runners should re- to 50 ml. After arriving at Battelle seven days 
ceive the same attention as ladles. The other later the corrected volume was found to be 0.42 
three were unaccounted for. This emphasizes the ml. Table VII shows that this 0.42 ml of gas 
importance of steel composition and suggests evolved from the metal specimen at room tem- 
that conditions that cause no absorption by car- perature was 81 pct hydrogen and 19 pct nitro- 
bon steels might produce considerable increases gen. Vacuum extraction for 45 hr at 1925 F re- 
in alloy steels with greater affinity or capacity moved 1.52 ml more gas from the specimen. This 
for hydrogen high-temperature gas was found to be 50 pct 
Although based on an insufficient number of carbon monoxide, 33.6 pct hydrogen, 11.2 pct nitro- 
tests, it appears that on high-alloy steels the gen and 5.2 pct oxygen. Extrapolation based on 
basic heats are inclined to run slightly higher in reaction half-life periods indicated that 0.02 ml 
hydrogen. In melting high return charges, the of hydrogen remained in the specimen. This 
melt samples of the three basic heats averaged made a total of 0.87 ml (STP) of hydrogen orig- 
1.00 R.V. while the two acid heats averaged 0.80 inally contained in the metal specimen as chill- 
R.V. at melt. Absolute humidity averages were cast. Hydrogen concentration in the metal cal- 
slightly in favor of the basic heats. On all three culated to be 0.00017 pet by weight or 0.15 Rela- 
types of practice the lowest final hydrogen in tive Volumes. Of this total hydrogen in the 
each case was the one acid heat. metal, 39 pet escaped in 52 days at essentially 
These results were limited to only a few of the room temperature and pressure, 59 pct was vacu- 
alloy compositions. Similar quantitative data um-extracted in 45 hr at 1925 F, and a calculated 
should be obtained on ferritic compositions of 2 pet remained as residual. 
this alloy level, and intermediate alloy composi- The other samples followed a similar pattern 
tions. Sample No. 18 (from heat 36944 after Si block) 
evolved at room temperature the largest volume 
Analytical Study of Evolved Gas of gas and the largest proportion of its total hy- 
The composition of the gas evolved as well as drogen. Apparently, the fact that this sample 
the rates of evolution are of some importance was only silicon-killed accounts for its earlier 
Since they indicate how easily hydrogen might be and faster escape of hydrogen than the usual 
driven from steel products before further proc- aluminum killed samples. Aluminum content 
essing. The progress of room temperature evolu- seemed to have considerable effect on the rate 
tion of five typical samples is graphed in fig. 6 and the proportion of the total hydrogen evolved 
The volumes are necessarily only relative and at room temperature. 
all are expanded by the reduced pressure of a 4- Three of the samples followed more closely for 
to 5-in. column of mercury but were corrected the first few hours indicated that a detectable 
upon arrival at Battelle. Sample No. 4 might be bubble of gas collects in the top of the tube after 
followed as a typical example. This is a tap 15 min and a measurable volume after one 
Sample from heat No. 36894 with a total hydrogen hour. Evolution curves of most of the samples 
content of 0.15 R.V. A sample weighing 44.79 gm flattened considerable after two days. 
@ 
150 
Fig 6—Rate of 
gas evolution at 0100 
room tempera- > 
ture. 
$050 
0 
Time, days 
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Three samples were given a 1-hr extraction at 
1200 preliminary to the higher temperature 
treatment. One hour at this temperature re- 
moved 55 to 71 pet of the retained hydrogen. This 
was 24.7 to 38.4 pet of the total hydrogen. Two 
samples were given a extraction at 
1200 F. On the melt sample (No. 40) all the hy- 
drogen was removed, but on the ladle sample 
(No. 37) one third of the retained hydrogen or 
13.8 pet of the total hydrogen was left. At this 
temperature the rate of evolution seems to be in- 
fluenced considerably by the chemistry of the 
sample and not consistent enough to take advan- 
tage of the faster rate of evolution. 

The high alloy sample (No. 36900) evolved no 
gas in 20 days at room temperature. An extended 
period of 85 hr at 1925 was needed to remove 
all the hydrogen but 1.3 pct left as residual. The 
gas evolved from this steel at 1925° was 56 pct 
hydrogen, 19.7 pct nitrogen, 23.4 pct carbon mon- 
oxide, 0.9 pct carbon dioxide, and no oxygen. 

A sample of cast iron of 2.00 Si and 3.50 pct C 
content (not included in the table) evolved no 
gas at room temperature. One hour at 1200° ex- 
tracted 83.6 pct of the total hydrogen while 45 hr 
at 1925° extracted 16 pct, and 0.4 pet was deter- 
mined as correction. At 1200° hydrogen was 68 
pet of the 3.22 ml evolved. At 1925° the 4.64 ml 
evolved was 88 pct carbon monoxide and only 9.1 
pet hydrogen 

The free nitrogen evolved at room temperature 
and high temperature proved to be a variable 
fraction of the total content, which includes both 
free nitrogen and that stabilized by the forma- 
tion of compounds. Aluminum content seemed to 
influence the proportion considerably. For in- 
stance, sample No. 22 in table VII being a boil 
sample was killed with a heavy aluminum addi- 
tion that left a 0.24 pct Al residual. Total nitro- 
gen of this sample was 0.00039 pct but no free 
nitrogen was evolved at room temperature or 
1925 F. On the other hand the ladle sample from 
the same heat (sample No. 24 just below in table 
VII) contained only 0.052 pet Al from the regular 
ladle addition. This sample contained 0.0044 pct 
total nitrogen. Of this total 2.4 pct of it was 
evolved as free nitrogen at room temperature 
and 12.6 pet of it at the 1925° temperature, leav- 
ing 85 pct retained by the metal 


Summary 


Using simple equipment, samples of molten 
steel from the furnace were chilled, enclosed in 
gas tight tubes, and expressed to laboratory fa- 
cilities for hydrogen analyses. Certain phases of 
furnace practice were deliberately exaggerated to 
emphasize their individual effects on hydrogen 
In some cases moisture was deliberately made 
available to emphasize the susceptibility of the 
particular steel toward hydrogen absorption un- 
der the conditions prevailing 

The limited data obtained suggested certain 
relations and effects that should be confirmed by 
more quantitative data, further variation of cer- 
tain variables and investigation of more types of 
steel. The following conclusions seemed to be 
suggested or confirmed 
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(1)—The chemistry of the metal was found to 
have considerable effect on hydrogen absorption 
tendencies. Mild-carbon steels finished with hy- 
drogen contents of 0.11 to 0.35 R.V. in spite of 
attempts to get higher. On the other hand aus- 
tenitic Cr-Ni steels under more favorable mois- 
ture conditions ran over four times as high, rang- 
ing from 0.42 to 1.01 R.V. Conditions that con- 
tribute no hydrogen to one type of steel might 
cause considerable increases in another compo- 
sition type. 

(2)—The chemistry of the metal also seems to 
influence the ease of hydrogen escape from the 
solidified metal. Carbon-steel samples begin to 
give off part of their hydrogen at room tempera- 
ture within a few minutes after casting and a 
considerable fraction after a few days. On the 
other hand several austenitic compositions have 
eliminated no hydrogen at room temperature and 
have required longer time at high temperatures. 
This difference would be important in determ- 
ining the removal of hydrogen by heat treat- 
ment and the proportion retained in remelting 
charges of such steel. 

(3)—-A general effect of atmospheric humidity 
and excess moisture was apparent. In several 
cases where the practices were equivalent, slightly 
higher melt down hydrogens and final hydrogens 
were obtained from the higher moisture condi- 
tion. However, the hydrogen equilibrium tenden- 
cies between the metal and the atmosphere can 
be influenced greatly by the chemistry of the 
metal and the sequence of operations. Hydrogen 
absorption has been resisted or limited to such 
an extent that some heats with a continuous 
spray of water finished lower than other heats 
exposed only to asmospheric moisture. 

(4)—-Final hydrogen seems to be the net result 
of five separate fractions 


I II III 
H_ from H_ absorbed H. eliminated 
metal or lost in by the boil 
charge melting or flush 


IV V 
absorbed absorbed Final 
in furnace in tapping total 
in finishing into ladle hydrogen 


These phases are not equally important on all 
practices and all types of steel. In some cases hy- 
drogen at melt is very high from I and II and 
no amount of care can produce a low hydrogen 
without an extensive elimination process repre- 
sented by III. In other cases hydrogen content 
might be very low as melted in which case pre- 
vention of absorption in IV and V would be a 
more important objective than attempted elimi- 
nation 

(5)—-Because of maximum affinity for hydro- 
gen in the ready-to-tap condition hydrogen in- 
creases from improperly dried ladles, spouts, etc. 
apparently ruin more heats than conditions 
within the furnace. Hydrogen pickup from a 
‘green” ladle has been prevented but considerable 
preheating at high temperatures was required to 
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remove the combined water in clay refractories. 

(6)—-Under conditions of equivalent exposures, 
low-hydrogen heats were more inclined to absorb 
additional hydrogen than heats already high in 
hydrogen. 


Carbon Steels 


(1)—With the acid-electric practice used by 
most foundries very low hydrogen contents of 
0.11 to 0.15 R.V. in the ladle were experienced on 
foundry-grade carbon steel. 

(2)—Such a practice consisting of an oxidizing 
melt, a boil of considerable violence, an oxidizing 
final slag, and a short deoxidation time seems to 
be surprisingly resistant to extremes in moisture 
exposure. With wet charges, “green” furnace 
hearths, and continuous water sprays commer- 
cially low hydrogen contents of 0.13 to 0.18 R.V. 
were still obtained and no pinholes encountered. 
Early exposures to moisture in the charge -r dur- 
ing melting need not cause fear if followed by 
such a practice. 

(3)—A rimmed steel charge with no boil, but 
very oxidizing conditions throughout, produced a 
low hydrogen content of 0.12 R.V. in the ladle. A 
Similar heat continuously sprayed with water 
produced a reasonably low hydrogen of 0.18 R.V. 
This is considered evidence of the effectiveness of 
an extremely oxidized metal-slag-atmosphere 
system in resisting hydrogen absorption, at least 
when the source of hydrogen is moisture above 
the slag. This also indicates one case in which 
elimination is not so essential because of the low 
original hydrogen. 

(4)—However, the average furnace charges 
would be expected to melt with enough hydrogen 
to require some elimination. The most consistent 
means found for obtaining a low hydrogen was 
maximum elimination by vigorous boiling fol- 
lowed by efforts to prevent reabsorption of hy- 
drogen by maintenance of oxidizing conditions. 

(5)—The factor that shows the most effect on 
elimination effectiveness was the violence of the 
boil. The concurrent state of oxidation seems in- 
fluential, but not directly in the elimination 
process as much as in the prevention of hydrogen 
increases before and after the boil. Prolonging 
the boil does not seem to improve the effective- 
ness of the elimination but does seem to decrease 
the probability of reabsorption when extended at 
the expense of a shortened deoxidation period. 

(6)—Further evidence was obtained that hy- 
drogen is absorbed more readily after deoxida- 
tion. A leak after blocking, and a water spray 
after deoxidizer addition produced two hydrogen 
contents of 0.25 R.V. Reducing second slags pro- 
duced the highest final hydrogen 0.21 to 0.35 R.V 
Efforts toward perfectly dry materials and the 
absence of leaks should be concentrated on this 
period. 


High Alloy Steels 


(1)—Ten heats of Cr-Ni steel ran 0.42 to 1.01 
R.V., indicating an affinity or capacity for hydro- 
gen increased several times over carbon steels by 
the alloys present. However, the critical concen- 
tration from the standpoint of porosity seems to 


be raised also since no gas porosity was found in 
these steels with such hydrogen contents. 

(2)—No hydrogen was emitted from the chilled 
samples at room temperature and very little from 
the surface of a four inch casting in solidifying 
and cooling. The concentration at the center of 
such a section was practically identical with the 
ladle analysis. Virtually complete hydrogen re- 
tention would be expected in scrap remelting, re- 
quiring a very positive attack from the stand- 
point of melting practice. 

(3)—Chromium seems to be the alloy that pro- 
duces the affinity for hydrogen. The nickel con- 
tent seems to be the cause of the strong reten- 
tion of hydrogen probably because of its austeni- 
tizing influence and the resulting higher solubil- 
ity. This would suggest less likelihood of porosity 
in the austenitic compositions but a greater 
buildup of hydrogen in return scrap. 

(4)—Some of the lowest hydrogen contents 
were obtained by using all virgin alloy. By with- 
holding the Cr, reasonably low hydrogen contents 
were obtained from the melt of rimmed carbon 
steel and nickel. Any elimination attempts at 
this point would have been superfluous. The 
most profitable objective was found to be the re- 
duction of opportunities for absorption after the 
Cr addition, which accounted for over two-thirds 
of the hydrogen. 

(5)—The highest hydrogen contents (0.86 and 
1.01 R.V.) were obtained from dead-melting high 
proportions of high-alloy return. In this case the 
hydrogen was obtained at melt (from fractions 
I and II). Such heats seem destined for an 
equal or higher final content without an effective 
elimination procedure. 

(6)—A carbon boil produced by either oxygen or 
ore at high temperatures proved very efficient 
in eliminating half or more of such high hydro- 
gens. Relatively small carbon drops produced de- 
creases of 0.96 to 0.36 R.V., 1.00 to 0.38 R.V. and 
0.86 to 0.46 R.V. 

(7)—Comparable effects of furnace practice 
were noted on both acid and basic linings. In 
each of three types of melting procedure used on 
these high-alloy heats the acid heats produced 
the lowest hydrogen content in each group. 

(8)—Because of their greater affinity for hy- 
drogen these high alloy compositions experienced 
much higher increases in tapping. 
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(4) The Reducing Period 


i ew effort of the steelmaker during the re- 
ducing period in the are furnace has been 
aptly characterized as a battle against oxygen 
If the oxygen content of the bath can be de- 
creased, this will contribute substautially towards 
a quick desulphurization and towards a cleaner 
steel 

In the manufacture of constructional steels of 
the type made in the experimental heats one to 
four the following practice has been applied at 
Surahammar for a number of years. After “slag 
off” an aluminium addition of about 1 lb. per ton 
is made to the slag-free bath. Immediately after- 
wards the bulk of the silicomanganese is added 
as well as burnt lime, fluorspar, pulverized fer- 
rosilicon and coke powder. Carbide slags are not 
used. A white slag is aimed at 
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Aluminium determinations made on mold sam- 
ples, which are taken during the reducing period, 
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Inductive Stirring in 


Arc Furnaces 


by Sven Fornander 


Folke Nilsson 


show that the aluminium content of the steel 
bath has decreased to 0.002 pct Al already 30 
min after the addition was made. The aluminium 
determinations were carried out by the Metallo- 
grafiska Institute by means of a spectrographic 
method, which was developed there’ and which 
has a good accuracy. It is improbable that an 
aluminium content as low as 0.002 pct would af- 
fect the properties of the finished steel. There- 
fore it can be said that by an aluminium deoxi- 
dation no new factor has been introduced in the 
steelmaking process, which could have an influ- 
ence upon steel quality. The advantage of this 
practice is, that the deoxidation proceeds rapidly, 
at least in the beginning 

At the Uddeholm furnace all experimental 
heats were made without an early deoxidation. 
The practice applied was the same as that de- 
scribed by Marsh* and by Urban and Derge’. 

a—Deoxidation: Fig 15 shows the change with 
time of the oxygen content of the steel dur- 
ing the reducing period for the heats one to 
four. Each curve represents an average between 
two heats. It is obvious that the oxygen con- 
tent of the steel decreases more rapidly in the 
heats made with inductive stirring. It can be 
seen from the curves that if it is intended to 
produce a steel of the type in question with a 
certain oxygen content before tapping, the time 
under reducing slag can be shortened by 30 to 
40 min with the aid of the electric stirrer. For 
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his is the concluding portion of 
a two-part article. Last month 
the authors described the type of 
inductive equipment developed in 
Sweden to accelerate metallurgi- 
cal reactions and speed the refin- 
ing period. Herein are described 
factors developed during the re- 
ducing period, specific effects on 
refractory linings and economical 
aspects related to the use of the 
stirrer. 
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Fig 15—Deoxidation dur- 
ing reducing period, heats 


certain other types of steel the time saving is 
considerably greater, 1 hr or even more ac- 
cording to experience. It should perhaps be 
pointed out that the oxygen contents obtained 
in the steel bath just prior to tapping in the 
heats made with stirring are lower than any, 
which have been reported in the literature. 

The experience gained at the Uddeholm fur- 
nace points in the same direction. Fig 16 shows 
the change with time of the oxygen content of 
the steel during the reducing period for four 
heats made with inductive stirring as well as for 
four additional heats, made in a conventional 
way for comparison. The diagrams cover the 
period of time from the end of slagging off to the 
last sample before the additions. As will be seen 
from the diagrams the oxygen contents at the 
end of slagging off were rather different in the 
different cases. All the heats in which the stirrer 

yas used had lower oxygen contents towards the 
end, irrespective of whether the oxygen was 
higher or lower than in the comparable heats at 
the beginning. 

To estimate the gain in time to be achieved by 
use of the stirrer only the heat pairs 5-6 and 
12-13 are suitable. In heat No. 11 the oxygen 
content of the last sample is about 1 5 of that in 
the comparison heat No. 10. However, the oxygen 
contents at the beginning of the reducing period 
are so different that a comparison seems not to 


No. 1 to 4. 


be justified. In the heat pair 8-7 the reducing 
time was too short and the FeO content of the 
slag too high for conclusions to be drawn. From 
the diagrams the conclusion was drawn that the 
use of the stirrer permits a shortening of the re- 
ducing time by about 30 min if the deoxidation 
only is taken into account. 

Reverting to the question of how the inductive 
stirring promotes a. more rapid and complete de- 
oxidation the following suggestions may be ad- 
vanced. When the deoxidizing agents--alumi- 
nium, silicon and manganese—-have been added 
to the steel bath, which contains oxygen, deoxi- 
dation products are formed. These consist mainly 
of oxides of Al, Si and Mn. If the deoxidation 
products are finely divided, it takes time before 
they are removed from the bath, as they rise to 
the surface only slowly to dissolve in the slag. As 
a result of the stirring during the reducing 
peried, perpetually “new” parts of the steel bath 
come into contact with the iower surface of the 
slag layer. Until this aspect has been studied in 
detail it could be assumed that, during the first 
part of the reducing period, the deoxidation prod- 
ucts stick to the slag. Thus the deoxidation prod- 
ucts are continuously washed out from the steel 
by the slag. 

As will be seen from fig 15 the deoxidation pro- 
ceeds even after the effect of the deoxidizers has 
ceased, published investigations'’ showing that a 
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steel bath containing 0.3 pet Si and 0.7 pet Mn 
can hold about 0.010 pet 0 in solution. Fig 15 
shows on the other hand that the oxygen con- 
tents obtained just prior to tapping are of the 
order of 0.001 pet 0. Therefore it is assumed that 
the deoxidation which occurs during the latter 
part of the reducing period takes place as a re- 
sult of the following circumstances. The FeO 
activity of the steel bath, defined in the usual 


way, is of the order of 0.05 at 1600°C if the oxygen 
content is 0.010 pet 0. In the same circumstances 
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J. S. Marsh Slag-Metal-Oxrygen Relationships in 
the Basic Open-Hearth and Electric Processes 
Trans. A1.M_E. 162, 1945, pp. 672/684 


S. F. Urban and G. Derge: “Oxygen in Basic Elec- 


tric-Furnace Baths”, Trans. A1I.M.E. 172, 1947, pp 
196 211 
D. A. Oliver and T. Land, “The Temperature Dis- 


tribution in the Liquid Steel in Various Steeimaking 
Furnaces”. Journ. Iron Steel Inst. 145, 1942, pp. 245 

H. Pettersson “Tillstindsdiagram for  basiska 
stalslagger Phase Diagrams for Basic Steel Slags 
Jernkontorets Annaler 132, 1948, pp. 42/56 


A. L. Bradley, J. H. Chesters, J. M. Ferguson and 
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Tron Steel Inst., Spec. Rep. No. 33, London 1946, pp 
117 154 
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sorydation mit Mangan und Silizium” (Fundamen- 
tals of the Deoridation with Manganese and Silicon 
Mitt. Kais.-Wilh.-Inst. Eisenforschg Disseld. 15, 
1933, pp. 271/309 


the FeO content of the slag is low, about 1 pet 
Although no investigations have been reported 
on the correlation between FeO activity and FeO 
content for slags of thig kind it seems to be justi- 
fiable to assume that the FeO activity is low, of 
the order of 0.005. If there is to be an equilibrium 
between steel and slag, it is required that the 
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FeO activity is the same in both phases. As a 
result FeO has a tendency to escape from the 
steel bath and accumulate in the slag. In this 
case it is a question of a diffusion process which 
takes place in the surface of contact between 
slag and steel. The stirring can be said to en- 
large this surface and for this reason a more ef- 
fective deoxidation is obtained. 

b—Desulphurization: Fig 17 shows the change 
with time of the sulphur content of the steel 
bath during the reducing period for the heats 
one to four. Desulphurization was good in both 
cases, when stirring was used and when it was 
not used. The rate of desulphurization is some- 
what greater for the heats made with inductive 
stirring. The use of the stirrer has brought about 
a time saving of about 20 min. The remark above 
concerning oxygen is applicable to sulphur also: 
for certain other types of steel the time saving is 
greater, up to one hour 

Table VI shows the desulphurization obtained 
at the Uddeholm furnace. As will be seen from 
the table the stirrer brings about a more rapid 
desulphurization. Experiments on a somewhat 
larger scale than recorded in the table gave the 
following result. When stirring was not used the 
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refining time required to obtain an effective de- 
sulphurization amounted to 114 hr. By use of in- 
ductive stirring the time could be shortene@py 
25 min. 


TABLE VI 
Desulphurization at 15-Ton Furnace 
Desulphur- 
Number Refining Percent [5] ization, 
of Time, At Prior to Pet S 
Heats Stirring Min, Slag Of Tapping per br 
6 None “4 0.029 0.020 0.006 
6 Inductive 87 0.030 0.016 0.009 


As to the reason why the inductive stirring 
promotes a quicker desulphurization the follow- 
ing circumstances should be taken into account. 
The desulphurization takes place according to 
the reaction 

FeS_ -+-(CaO)—(CaS) + (FeO), 
square brackets denoting that the substance is 
dissolved in the metal and parentheses that it is 
dissolved in the slag. According to this reaction 
the sulphur in the steel bath occurs as iron sul- 
phide. This reacts with CaO in the slag, the re- 
action products being CaS and FeO, which are 
both in solution in the slag. Thus, the reaction 
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steel bath. 


takes place in the surface of contact between 
steel and slag only, this being the reason why the 
desulphurization in the are furnace takes time. 
It is obvious that an inductive stirring makes it 
possible for the desulphurizing reaction to pro- 
ceed faster, because it always brings new parts of 
the bath into contact with the slag, and prob- 
ably causes a mild stirring in the slag layer 
itself. 

e—Temperature distribution: British investi- 
gations carried out by Oliver and Land'’ have 
shown that in an are furnace without stirring 
the temperature difference between various parts 
of the bath can amount to about 50° C in the re- 
ducing period. In these investigations specially 
designed pyrometers were used allowing temper- 
ature determinations to be made at various bath 
depths. 

At the 15-ton Uddeholm furnace a fairly de- 
tailed investigation was made of the temperature 
distribution in the bath. The results obtained 
can be summarized thus: 


(1) During carbon refining the temperature is 
the same in different parts of the bath, and this 
is the case irrespective of whether the stirrer is 
used or not. 

(2) Readings taken during the reducing period 
and without use of the stirrer showed a maxi- 
mum temperature difference of 19 C between 
the surface and bottom layers of the bath. 

(3) When the stirrer was used during the re- 
ducing period, no temperature difference was re- 
corded between the surface and bottom layers. 


In taking temperature readings at the 10-ton 
Surahammar furnace without use of the stirring 
coil it was difficult to obtain reliable results dur- 
ing the reducing period. The reason seemed to 
be that the pyrometer could not be kept steady 
during the measurement. Moving a short dis- 
tance, say 2 in, would in some cases result in a 
change of the reading by 10° C or more. When 
the stirring current was switched on, it became 
easy to take readings, for the temperature was 
then the same in various parts of the bath. 

A special technique was developed to measure 
the temperature of the slag. The hot junction of 
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the thermocouple was protected by two thin- 
walled silica sheaths, one inserted into the other. 
To make a determination the hot junction of the 
thermocouple is first immersed in the steel bath, 
the temperature of which is recorded. To attain 
temperature equilibrium a somewhat longer time 
is required than normally: about 30 sec as com- 
pared with about 15 sec. Then the silica sheaths 
are placed horizontally in the slag layer. After a 
further 15 sec the slag temperature is recorded. 
By the time the reading has been made, the outer 
silica sheath has usually dissolved in the slag 
layer, only the inner sheath remaining. Perhaps 
it should be added that measurements of this 
kind are not always successful. 

The following series of measurements illustrate 
the importance of the inductive stirring for the 
heat transfer from the slag to the bath. During 
the whole experiment the power input to the 10- 
ton furnace was Kept constant at 3500 kW. (The 
power input required to keep the bath at a con- 
stant temperature is approximately 800 kW). 
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25 Weak boil 
30 Steel temperature 
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With this high power input to the furnace the 
difference between the temperatures of the slag 
and the steel was 26 C as long as the electric 
stirrer was in operation, and increased to 102°C 
17 min after the stirring current had been 
switched off. 

d—Concentration distribution: There is no rea- 
son to expect that the stirring would affect the 
distribution of the alloying elements in the steel 
bath during the carbon refining period. The bath 
is then homogeneous with respect to concentra- 
tion and temperature. 

During the reducing period conditions are dif- 
ferent, and this is so especially shortly after al- 
loy additions have been made. A study of these 
conditions was made at the Uddeholm furnace, 
see fig 18. 

Heat No. 9 was made with inductive stirring. 
The concentrations of the alloying elements sili- 
con and manganese are the same in the surface 
and bottom layers of the bath within 6 min of 
making the additions. Heat No. 11 was thor- 
oughly rabbled by hand three times during the 
first 9 min after the addition, but in spite of 
this there are still large differences between the 
concentrations in the surface and bottom layers 
of the bath 12 min after the addition. In heat 
No. 10, which was neither stirred nor rabbled, the 
differences are larger still 

This experiment has been confirmed many 
times in everyday practice by both of the com- 
panies that took part in this investigation. It is 
obvious that inductive stirring affords an exceed- 
ingly good chance to obtain a homogeneous bath 
shortly after additions have been made. This 
property of the stirrer would be used to the 
greatest advantage in the manufacture of high- 
alloy steels, e.g. high speed steels and stainless 


1610 C. Slag tempera- 


1620 C. Slag tempera- 


steels 

(5) The furnace lining: According to the ex- 
perience gained at Surahammar and at Udde- 
holm there is nothing which indicates that the 
life of the furnace bottom is affected by the elec- 
tric stirrer, either favourably or unfavourably 

However, the investigations carried out by the 
two works have brought to the fore a question of 
great principal interest for steelmaking in the 
basic furnace, namely the role of the lining in 
the process. Some of the results obtained indi- 
cate that the lining gives off oxygen to the steel 
bath during the reducing period. The same hypo- 
thesis has previously been put forward by Marsh 

The phase diagrams for the systems composed 
of the oxides of iron and the basic oxides CaO 
and MgO are not Known in detail However, it 
is obvious that a basic furnace lining can hold in 
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solution at 1600 C a considerable amount of FeO, 
something between 10 and 30 pct'*. Therefore 
the quantity of oxygen in form of FeO, which can. 
be absorbed by a furnace bottom is many times 
greater than that dissolved in the steel. 

Thus there is a good reason to study in rather 
more detail the effect of the furnace lining upon 
the course of the reactions taking place in the 
basic steel furnace. It is to be hoped that coming 
investigations will clarify this question. 

Economical aspects: It will not be possible to 
make a generally applicable calculation of the 
savings which can be made by the installation of 
an electric stirrer. The profit obtained will de- 
pend upon the lecal conditions at the steelworks 
in question, and it can be stated only when these 
conditions are known. 

At the two works which took part in this in- 
vestigation experience has shown that the in- 
stallation of the electric stirrer is well warranted 
from an economic point of view. In the authors 
opinion Dr. Dreyfus invention is one of the most 
valuable contributions made to the development 
of the are furnace since its introduction in the 
steel industry 50 yrs ago. It is delicate to make 
predictions but it would not be surprising if the 
electric stirrer would in the future be regarded 
as the one device, which the arc furnace needed 
to allow it to compete successfully with other 
types of furnace as far as large-scale production 
of quality steels is concerned. 

Summary: During 1'. yr operation of ASEA 
electric stirrers on are furnaces the following 
information was gathered at two Swedish steel- 
works. 

The inductive stirring has no influence upon 
carbon refining at high or medium carbon con- 
tents. In the production of low-carbon steels the 
stirring makes it possible to attain lower carbon 
contents. In spite of this the oxygen content of 
the steel is lower and the FeO content of the slag 
lower than in conventional practice. 

The slagging-off operation is considerably fa- 
cilitated by the stirring and can be carried out 
more effectively than in normal practice. Oxi- 
dizable impurities, e.g. phosphorus and chro- 
mium, can be removed effectively 

The reactions occuring between steel and slag 
during the reducing period are accelerated. Ex- 
tremely low oxygen contents can be attained. 
The reducing time can be shortened 

The differences in temperature and concentra- 
tion in the bath during the refining period are 
equalized by the inductive stirring. The heat 
transfer from the arcs to the steel bath is facili- 
tated 

The installation of the stirrer is well warranted 
from an economic point of view 
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The lron-Nitrogen System 


by V. G. Paranjpe, Morris Cohen, M. B. Bever, and C. F. Floe 


The iron-nitrogen system was investigated by X ray diffraction measurements 
and a controlled nitrogenizing method. The latter is an innovation and depends on 


the relation between the nitrogenizing power of an ammonia-hydrogen mixture and 
the nitrogen content of the iron-nitrogen alloy produced. Several heretofore con- 


ITROGEN is becoming recognized as one of the 
important elements in ferrous physical metal- 
lurgy. Several investigations indicate that nitrogen 
plays a significant part in such phenomena as strain 
aging and temper brittleness. Nitrogen is known to 
be a powerful austenite stabilizer and may be a 
useful alloying element in stainless steels. The hard- 
enability of steels has been found to be increased 
by nitrogen. The nitriding and carbonitriding pro- 
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cesses are examples of successful industrial appli- 
cation of nitrogen in ferrous materials. For a com- 
plete understanding of the various roles played by 
nitrogen in ferrous metallurgy a knowledge of the 
phase relations in the binary iron-nitrogen system 
is essential 

The literature contains a variety of iron-nitrogen 
phase diagrams. Those suggested by Fry. Sawyer 
Epstein and his coworkers,’ ‘ Lehrer, Eisenhut and 
Kaupp, and Hagg differ significantiv from on 
another. Moreover, the most recent of these inves- 
tigations dates back about twenty years. A re- 
determination of the entire diagram, therefore, ap- 
peared desirable 

In addition to the published phase diagrams, in- 
vestigations have been carried out on portions of 
the iron-nitrogen system. Bramley and Haywood 
determined the composition and temperature of the 
iron-iron nitride eutectoid. The maximum solu- 
bility of nitrogen in a iron was investigated by 
Portevin and Seferian” and by Dijkstra 


troversial features of the iron-nitrogen phase diagram are clarified. 


Several investigators have determined the crystal 
structure of the various iron-nitrogen phases. In 
fact, Eisenhut and Kaupp" and Hiagg’ based their 
entire phase diagrams on the results of such studies 
Epstein’ and Emmett” reported lattice-parameter 
measurements on the « (hexagonal close-packed) 
phase. Osawa and Iwaisumi" also studied the change 
in lattice parameters of the a, y and « phases with 
nitrogen content. Brill’ and Hagg showed that the 

‘ phase has an ordered structure, and Hendricks 
and Kostings” suggested a structural relation be- 
tween the « and ~ phases. In a recent investigation 
Jack” carefully studied the super-lattice reflections 
from the y’ and = phases 


Experimental Procedure 


A large variety of experimental methods has 
been used by previous investigators in studying 
the iron-nitrogen system. These methods include 
thermal analysis, microscopic examination, X ray 
diffraction, magnetic measurements, dilatometric 
analysis and anelastic experiments. Thermal analy- 
sis is of low accuracy in determining changes in the 
solid state. This accuracy is further decreased for 
iron-nitrogen alloys since composition changes will 
occur during heating or cooling unless extreme care 
is taken to use a proper atmosphere. Metallographic 
methods are of small value because homogeneous 
iron-nitrogen alloys of sufficient size can be pro- 
duced only with great difficulty. The dilatometric 
method is open to the same objections as thermal 
analysis in that changes in composition may occur 
during heating and cooling. Lattice parameter 
measurements by X ray diffraction can be used 
satisfactorily for determining phase boundaries if 
cooling Is fast enough to prevent structural changes 

In view of the limitations of the various other 
techniques two methods only were adopted in this 
investigation, (1) X ray diffraction measurements. 
and (2) a controlled nitrogenizing method. The 
second method is an innovation for investigating 
the lron-nitrogen system, and will be described at 
length 

Materials: All iron-nitrogen alloys were prepared 
from carbonyl iron powder of the analysis shown 
in table I. The average particle size was about 20 
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microns. The carbon content was lowered to 0.010- 


0.015 pet by treatment with wet hydrogen prior to 


nitrogenizing 
Table I. Chemical Analysis of Carbonyl! tron Powder 


Constituent Weight Pet 
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The nitrogenizing was carried out by the use of 


ammonia-hydrogen mixture The ammonia was at 


i 
least 99.98 pet pure and the hydrogen analyze 
than 0.5 pet oxygen. The prepurified nitrogen used 
for flushing the nitrogenizing irnace contained 
lk than 0.001 pet each of hydrogen and oxyger 

Nitrogenizing Procedure: The procedure used for 
controlled nitrogenizing was evolved after many 


trials. The nitrogenizing equipment used i how 


A weighed amount (approximately 2 2) of ca 
bonvl iron powder wa pread 


alundum boat. The boat wa 


nitrogen chamber whicl 
temperature. The nitrogeniz 
ealed. Prepurified nitrogen wi: 
cham be ind 
il t 5 min. The impl 


nitrover treatment Va hen 
pa the it ed immmonia-hydrogen mixture 
ver the mple f 16} At the end of this period 
the ammor hvdrogen mixture wa hut off and 
the contau fl for 1 min with prepuri 
fied nitrover Ihe eu then broken, with niiio- 
en still flowin ind the imple was quickly with- 
drawn and quenched int i beaker of cold wate 
Thi last te A ‘ ed it in le thar 0 sex 
The quenched mple vere cleaned with alcohol 
and ethe lried and ey ed fe X iv and chen 
cal anal 

\ nt | cl mel mel thern 
coupe were ed rie ( I nace cont ind the 
temperature ; the leneth of the slundun 
boat a letermined by expl itior vas le thar 
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_— O=9 Fig. 1—Schematie dia- 
gram of the nitrogen- 
izing equipment. 
H 


Furnace 
Quarts chamber 
Alundum beat 
§ Thermocouple protection tube 
5. Control thermocouple 
7.8 Measuring thermocouple 
Hy drogen inlet from tank 


lo ydrogen manometer 
iu onia inlet from tank 
it nia manometer 


2 1% Nitrogen inlet for flushing 
Exhaust 


0.5 C. The maximum deviation from the desired 
emperature in any series of experiments was found 
to be less than 2.0 C. This value includes all acci- 


dental changes in temperature 

Chemical Analysis of Iron-Nitrogen Alloys: The 
nitrogen content of nitrogenized samples was deter- 
mined by the micro-Kjeldahl method. The results 
were found to be reproducible within about 10 pet 
of the nitrogen content for low nitrogen samples 
(up to 0.1 pet), and within about 1 to 5 pct of the 
nitrogen content for high-nitrogen samples (up to 
11.2 pet nitrogen). The micro-Kjeldahl method was 
also compared with the vacuum fusion method and 
good agreement was found 

The hydrogen content of the nitrogenized alloys 
determined by the method of Carney, Grant and 
be negligible (approxi- 


Chipman, was found t 
mately 5 parts per million by weight) 


X Ray Examination of lron-Nitrogen Alloys: The 

tructures and lattice constants of the various iron- 
nitrogen phase were computed from Debye- 
Scherrer and Phragmen diffraction patterns. Cobalt 
K radiation was used because iron is known to be 
a filter for the K } 


radiation. The absorption-edge 
ffect decreases the atomic scattering factor of iron 


and thus increases the relative contribution of the 
nitrogen aton 


Samples used for X 


ray analvsis were q ienched 
from the nitrogenizing temperature as previously 


described. The quenching rates employed were high 


enough to suppre tructural changes during cool- 
ing with the exception of the martensite trans- 
formation in the phase of low nitrogen content 

The di phase method and the lattice 
paramete method were used to determine the 
phase boundaries from the results of X ray measure- 
ments. Preference was given to the results of the 
latter 


Phase Boundary Determination by the Controlled 
Nitrogenizing Method: Thisymethod consists in prin- 


ogenizing tron with a gas mixture of 


ciple of n 
controlled “nitrogenizing power and correlating 


the nitrogenizing power of it 


gas mixture with 
of the tron-nitrogen alloy pro- 


the nitrogen cont 
d iced 


In the nitrogenizing of iron with mixtures of 


d hydrogen, the nitrogenizing power at 


ammonia 
a given temperature is governed predominately by 
the rati f ammonia to hydrogen as suggested by 
the follow equation 

NH, (ges) N (in an iron-nitrogen phase) 


3/2 H. (gas) 
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When this reaction attains equilibrium, the nitro- 
gen content of the iron-nitrogen phase is fixed by 
the nitrogenizing power of the gas mixture. The 
nitrogenizing power may be expressed in terms of 
the ammonia content of the nitrogenizing gas 
The scheme of determining the phase boundaries 
in the iron-nitrogen diagram by nitrogenizing with 
ammonia-hydrogen mixtures can be explained with 
the aid of fig. 2. Fig. 2a shows schematically a por- 
tion of the iron-nitrogen phase diagram, and fig. 2b 
shows the relation between the nitrogen content of 
iron-nitrogen alloys and the ammonia content of 
the nitrogenizing gas. The solid curve in fig. 2b per- 
tains to equilibrium conditions. For a given tem- 
perature an increase in the ammonia content of the 
nitrogenizing gas causes a corresponding increase 
in the nitrogen content of the alloy. Thus the nitro- 
gen concentration of the a phase increases steadily 
from 0 to A” as the ammonia content of the gas 
increases from 0 to A’. When the ammonia con- 
centration reaches the value A’ and the nitrogen 
content of the a phase becomes A”, the y phase 
can exist together with the a phase. For this gas 
mixture the nitrogen content of the solid may, 
therefore, lie anywhere between A” and B” where 
B” is the lower limit of the y’ phase. (See fig. 2b.) 
A further increase of ammonia concentration pro- 
duces only the y phase. The nitrogen content of 
this phase increases with the ammonia concentra- 
tion of the gas, until at an ammonia content C’, the 
y phase having a nitrogen content C” can co-exist 
with the « phase of composition D”. A further in- 
crease of ammonia concentration only serves to 
enrich the « phase in nitrogen 
A series of nitrogenizing experiments made at a 
temperature T, with progressively increasing am- 
monia concentrations in the nitrogenizing gas, 
yields data to plot the curve A-B-C-D-E. The 
points A, B, C and D where the curve is discon- 
tinuous determine the phase boundaries at that tem- 
perature 
Under practical nitrogenizing conditions, it is dif- 
ficult to obtain the curve A-B-C-D-E, due to a side 
reaction 
NH, (gas) N. (gas) 3/2 H. (gas) 
The extent of this dissociation reaction depends 
upon temperature, flow rate of the gas mixture, 
and the catalytic conditions which prevail during 
a particular experiment. The composition of the 
nitrogenizing gas changes as it passes through the 
nitrogenizing chamber due to progressive dissocia- 
tion of the ammonia. The gas phase in contact with 
the iron, therefore, contains less ammonia than the 
inlet mixture in proportion to the prevailing extent 
of dissociation. When the extent of ammonia dis- 
sociation is constant, the curve II in fig. 2b can be 
obtained. This curve is similar to curve I except 
that the ammonia concentration in the inlet gas 
required to produce a certain nitrogen content in 
the solid is higher. The discontinuities on curve II 
still represent the phase boundaries, as these are 
independent of the amount of dissociation and are 
dictated only by equilibrium relations of the co- 
existing solid phases. An increase in the extent of 
ammonia dissociation to a new constant value can 
only shift curve II vertically. This shift does not 


alter the nitrogen contents at the discontinuities 
A series of nitrogenizing exper‘ments at a single 
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Fig. 2—Schematic diagram illustrating the prin- 
ciple of the controlled nitrogenizing method for 
phase boundary determination. 


temperature gives the phase boundaries at that 
temperature. It is necessary to carry out simila 
sets of isothermal experiments in order to deter- 
mine phase boundaries over a range of tempera- 
tures. This feature made the controlled nitrogeniz- 
ing method tedious but its inherent dependability 
justified its use 

The controlled nitrogenizing method requires that 
the dissociation of ammonia be constant through- 
out an isothermal series of experiments and that 
equilibration be attained between the gas and solid 
phases. A considerable amount of experimentation 
was necessary to find the optimum operating condi- 
tions satisfying these requirements. Of the variables 
governing the degree of ammonia dissociation, tem- 
perature and flow rate were held constant without 
difficulty. The catalytic conditions in the nitrogen- 
izing chamber depended on the nature and amount 
of various surfaces In contact with the gas mixture 
Since quartz does not catalyze the dissociation re- 
action, it was used for the nitrogenizing chambe1 
the inlet and outlet tubes and the thermocouple 
tubes (fig. 1). A constant weight of iron powder 
was used because iron is known to catalyze the dis- 
ociation reaction. The alundum boat was con- 
taminated with iron during nitrogenizing and was 
therefore renewed for every experiment. It wa 
assumed that the catalytic condition were held 
sufficiently constant by these precautions and the 
experimental results justified this assumption. A 
period of 16 hr was found to be adequate to attain 
equilibrium 

Some preliminary experiments were made to de- 
termine the best way of retaining the nitrogen con- 
tent of the alloy when it was taken out of the nitro- 
genizing chamber for chemical analysis. Wate: 
quenching proved to be the best method 
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Fig. 3—Results of a typical series of controlled 
nitrogenizing experiments at 500°C. 


Typical results of a series of nitrogenizing experi- 
ments at 500 C are presented in fig. 3. This plot of 
actual data resembles the schematic plot shown in 
fig. 2b. The phase boundaris were determined by 
the intersections of the horizontal two-phase line 


with the sloping single-phase lines. For example 


the curve intersects the a line and the é 
lines (fig. 3) at 5.45 and 5.75 pet nitrogen respec- 
tively. These compositions therefore represent the 
boundaries of the phase at 500 C. The solubility 
linait in the phase is similarly read as 0.05 pct 
nitrogen. This ts the nitrogen content at which the 

phase line intersects the horizontal a line 


The lower limit of the « phase is given by the point 


f intersection of the « and « lines at 7.7 pet 
nitrogen 

\ similar series of experiments was also carried 
out at 500 C using a high-nitrogen alloy as the 
tarting material. In this case equilibrium was ap- 
proached from the high nitrogen side. The bound- 
ur of the phase determined from the result 
of these experiment are in wd agreement with 
those mentioned above. This fact shows that the 
cor led 1 wenizin method ive reliable re- 

Results and Discussion 

The on-nitrogen phase diagram was determined 
from the data obtained | X ray diffraction mea 
irement ind the cont led nitrogenizing method 
The va n-nitrogen pnase will be lescribed 
first im the it i their nitrogen content The 
constitution dia n ombinu these phase will 
then be presented \ ‘ ilt ine fiscussed in the 
heht of the VOrK I the nvest ito 

The © Phase (Nitrogen Ferrite): The phase ha 
i body-centered bic structure and contait mall 

nount ‘ rt phase may 
ed ‘ ‘ te Ihe tice i ete of 
nit te Tected hit the 
ducted t tuc the va t ttice iramete 
vith increa wen « ent did t show a 
cor t | i it cl wT A rT the 
eflectior X i ect ( va ed The ittice 
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Fig. 4—Solubility limit of nitrogen ferrite as 
a function of temperature. 


parameter method of phase boundary determina- 
tion was therefore not applicable 

The solubility of nitrogen in the a phase was 
determined by the controlled nitrogenizing method 
The results are plotted in fig. 4. Solubility limits 
determined by Dijkstra’ are also shown for com- 
parison The agreement between the two sets of 
values is satisfactory. The small discrepancies may 
be attributed to differences in the techniques em- 
ployed. In the present investigation, equilibration 
Was carried out at the desired temperature, fol- 
lowed by quenching: for correct results it was suf- 
ficient to retain all nitrogen in the sample, but it 
remain dis- 


Was not necessary the nitrogen 


solved in the « phase. In contrast, Dijkstra saturated 
Table Composition Limits of the Phase 
(Nitrogen Austenite) 


Lower Limit Upper Limit 


Temperature 
‘ Weight Pet Nitregen) 


Table UI. Composition Limits of the Phase (Fe.N) 


Temperature Lower Limit t pper Limit 


Weight Pet Nitrogen 


‘ 
x 
all samples at 580 C, allowed precipitation to occur 
at suce ively lower temperatures and then meas- 
ed only the amount of nitrogen ret ‘din solu- 
188 


700} 
400 
300 } 
200 
/ 
| 
i 
| ¢ te 
Note V i purenthese were obtained by extrapolatio 
i ‘ 
| 


tion after quenching from the precipitation tem- 
peratures. Incomplete precipitation at low tempera- 
tures can account for high nitrogen values and 
accidental precipitation during quenching from high 
temperatures can explain the low values obtained 
by Dijkstra. 

The solubility limits shown in fig. 4 are markedly 
lower than those reported by Eisenhut and Kaupp 
These investigators found an appreciable:expansion 
of the ferrite cell with increasing nitrogen content 
and used this relation to determine the saturation 
limit. As already pointed out, the lattice parameter 
method was rejected in this investigation because 
no variation of the parameter on the nitrogen con- 
centration of the a phase could be found. This is in 
accord with Hagg’s results. ineview of the latter 
agreement the validity of the results of Eisenhut 
and Kaupp may be questioned. The maximum 
solubility at the eutectoid temperature found by 
Seferian” (0.14 pct nitrogen) is in fair agreement 
with the results reported here. 


The » Phase (Nitrogen Austenite): The y» phase, 
nitrogen austenite, has a face-centered cubic ar- 
rangement of the iron atoms and contains nitrogen 
in solution. Nitrogen austenite is stable above the 
eutectoid temperature (590 C). To prevent decom- 
position into pearlitic structures, all samples were 
water quenched from the nitrogenizing tempera- 
ture. It was not possible, however, to preserve the 
low-nitrogen samples in a completely austenitic 
condition, because martensite formed during the 
quench. Samples containing more than 2.4 pet nitro- 
gen remained completely austenitic. From this fact 
it may be concluded that the M, temperature for 
iron-nitrogen alloys of these compositions is be- 
low room temperature. Although samples analyzing 
less than 2.4 pet nitrogen contained martensite i 
addition to austenite, it was safe to assume that 
they were completely austenitic at the nitrogeniz- 


ing temperature 

The lattice parameter of nitrogen austenite was 
found to increase with increasing nitrogen content 
Fig. 5 summarizes the results of X ray diffraction 
measurements. The relation shown in this plot was 
used to determine the high-nitrogen boundary of 
the y field. The lower limit could not be determined 
by the lattice parameter method 
having these compositibns contained only 
amounts of nitrogen austenite. The controlled nitro- 


since samples 


small 


genizing method was, therefore, employed to find 
these values. The results are given in table II and 
are in good agreement with the findings of Lehrer 
and Eisenhut and Kaupp 


The » Phase (Fe.N): The 
centered cubic structure and exists over a very 
limited range of composition. X ray diffraction pat- 
terns of this phase with cobalt K radiation were 
found to contain several faint lines in addition to 


phase has a face- 


those normally belonging to a face-centered cubic 
structure. These additional lines were identified as 
superlattice reflections from the (100), (110), (210), 
(221), (310), (320), and (321) planes. Their rela- 
tive intensities and spacings are in good agreement 
with Jack’s work and confirm his interpretation of 
the ordered structure of the y’ phase 

The lattice parameter of the y’ phase was found 
to change from 3.78, kx units at 5.29 pct nitrogen 
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to 3.79, kx units at 5.71 pet nitrogen. Since this 
change was small, the lattice parameter method 
could not be used to determine the boundaries of 
the y phase. The homogeneity limits were there- 
fore determined by the controlled nitrogenizing 
method. The results are listed in table III 

The « Phase: The « phase has a hexagonal close- 
packed structure and exists over a wide range of 
nitrogen concentrations. The results of X ray dif- 
fraction measurements are summarized in fig. 6 
which shows the dependence of the lattice para- 
meters and the axial ratio on the nitrogen content 
above 7.3 pet nitrogen. Attempts to obtain similar 
data for lower nitrogen contents were unsuccessful, 
because homogeneous samples in this range could 
not be produced. At temperatures at which such 
samples are stable, the erratic nature of ammonia 
decomposition prevented adequate control of com- 
position by nitrogenizing. An attempt to produce 
homogeneous low-nitrogen samples of the « phase 
by decomposition of a high-nitrogen starting ma- 
terial failed owing to excessively high rates of de- 
composition 

The composition limits of the « field were de- 
termined by the lattice parameter method. The 
results are presented in table IV. Owing to lack of 
experimental data for the low-nitrogen region, some 
values in this table were based on the extrapolated 
portions of the curve in fig. 6 

The controlled nitrogenizing method was also 
used to determine the lower limit of the « phase at 
450° and 500°C. The results obtained are included 
in table IV and are in good agreement with the re- 
sults derived from lattice parameter measurements 

The Phase (Fe N): The phase which was orig- 
inally found by Hage’ has an orthorhombic struc- 
ture. Its unit cell dimensions were determined to be 
a 2 . 2 4.82, and c 4.43 kx units, respec- 
tively. This phase which exists at nitrogen con- 
centrations above 11.1 pet could be produced only 
by nitrogenizing at 450°C. Attempt 
at 475° and 500°C were unsuccessful 

The X ray technique used in this investigation 
was not accurate enough to warrant any interpre- 
tation of the atomic arrangement of the 
The diffraction patterns obtained by using cobalt K 
radiation were, however, in good agreement with 


to produce 


phase 


the structure proposed by Jack 

The lower limit of the 
11.1 pet nitrogen at 450°C 
agreement with Jack's work. No evidence of an « 
Either thi 
extremely narrow, or there is a continuous transi- 
tion of the structure of « into that of 


found to be 


which is also in good 


phase wa 


field was obtained two-phase region is 


The Iren-Nitrogen Phase Diagram: Th« 
described heretofore are fitted 


various 
single-phase region 


Table IV. Composition Limits of the » Phase 


Controlled 
Nitrogenizing 


Temperatore 
Method 


X ray Method 


a7 4 
650 4 
62 
62 ae e 
0 
7.70.7 7 ‘ 
450 7.95 
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Fig. 5—Lattice parameter of nitrogen austenite as 
a function of nitrogen concentration. 


together to form the iron-nitrogen phase diagram 
shown in fig. 7. This diagram contains two eutec- 
toids; the corresponding reactions involve the a, 
and y phases and the y, « and phases 

The existence of the first eutectoid has been sug- 
gested by most previous investigators ; 
and the eutectoid temperature is known fairly accu- 
rately. The most recent determinations by Lehrer 


and Fisenhut and Kaupp’ fix this temperature to be 


590 C. Other determinations range from 580°C by 


Fry’ to 608°C by Bramley and Haywood. In the 


investigation reported here, no redetermination of 
this eutectoid temperature was undertaken and the 
value of 590 C was adopted. The eutectoid compo- 
ition determined by the intersection of the extra- 
phase (fig. 7) is 

$5 pet nitrogen. This value is in good agreement 
with the results of Lehrer and Eisenhut and Kaupp 
but differs from the value 


polated composition limits of the 


ranging from 1.5 to 1.8 


pet nitrogen suggested by Fry Sawvet Epstein 
and coworke! and Hage This eutectoid reac- 
tion can therefore be stated 

— a > (590 C) 


The subscripts indicate the nitrogen content in 
weight percent 

The existence of the second eutectoid reaction at 
650 C was proposed by Lehrer’ and was confirmed 
by the present research. It was found that iron- 


nitrogen alloys approximating the eutectoid compo- 


fer c, 


Paro 


Nifroge 
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sition quenched from 650°+2°C contained either 
y eore + y or y * depending on the exact 
quenching temperature and the composition of the 
alloy. These results show that the eutectoid tem- 
perature is 650°C. Eisenhut and Kaupp" proposed 
that a peritectoid reaction takes place at this tem- 
perature. Epstein’ ‘ reported the existence of ther- 
mal arrests at 660°C. The reaction temperature of 
650°C is thus in good agreement with results of 
previous work. 

Epstein did not find metallographic evidence of 
a eutectoid, and proposed a peritectoid in its place. 
The cogency of this negative reasoning may be 
questioned. Eisenhut and Kaupp-also proposed a 
peritectoid reaction but their samples analyzing 
from 4.6 to 5.2 pet nitrogen and quenched from 
above 650°C contained y’ as well as « which is in- 
compatible with the peritectoid reaction proposed 
by them. Their experimental results can, however, 
be explained by the eutectoid transformation at 
650 C shown in fig. 7 

The lattice constants of the « phase were found to 
have two different but constant values in the two 
two-phase fields: the low-nitrogen « field and 
the y’ low-nitrogen « field. This fact is in accord 
with the existence of a homogeneous « field between 
the two two-phase fields. Furthermore observations 
of relative intensities of the strongest diffraction 
lines from the « and y or « and phase mixtures 
showed that the amount of « first increased and 
then decreased as the nitrogen content increased 
from 3.0 to about 5.2 pct nitrogen in samples 
quenched from slightly above 650°C. Similar varia- 
tions in intensities were found in samples quenched 
from 660° and 675 C, but the nitrogen concentra- 
tions were slightly altered as shown in fig. 7. The 
shape of the low-nitrogen « field is a further argu- 
ment in support of the existence of the eutectoid 
The eutectoid composition was fixed at 4.5 pet nitro- 
gen which is in agreement with Lehrer. This eutec- 
toid reaction can be stated 


(650 C) 
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Fig. 7 — Iron-nitrogen 
phase diagram. 


The phase diagram determined 
in this investigation resembles in 500 


general form that of Lehrer’ more 
closely than any other published 450 


diagram. There are, however, a 
number of significant differences 
especially in the composition limits 
of the various phases 

It should be emphasized that the iron-nitrogen 
phase diagram differs in an important feature from 
the common metallurgical diagrams. The latter 
represent equilibrium relations at constant pres- 
sure while the iron-nitrogen phase diagram shown 
in fig. 7 is a projection of the various solid-phase 
equilibria in the temperature-pressure-concentra- 
tion equilibrium diagram onto a temperature-con- 
centration plane 

Summary and Conclusions 

1. A method for the determination of the phase 
boundaries in the iron-nitrogen system was de- 
veloped. This method depends on the relation 
between the nitrogenizing power of an ammonia- 
hvdrogen gas mixture and the nitrogen concentra- 
tion of the iron-nitrogen alloy produced by 
nitrogenizing. 

2 The following iron-nitrogen phases were found 
to exist in the temperature range from 450° to 
700 


Phase Structure Kemarks 

286 kx Maximur ul t 

t t pet nitroge t 590° € 

FOC 61, kx Maximu ib 2.80 

45 pet tro pet 650° 

e t 64. kx unit t 

279 troge 

FCA 7 79 H genet t ‘ 
x te 75 pet t ‘ 

HCP 4.37 le 

44) 1 2.70 te eneits t 

2.76 t t 

Orthorh b Lower fF geneit t 
‘ 2.75. t 482 11.1 pet troge t 

4.43 kx units 450° ¢ 


3. The phase boundaries of the a, y. y. «, and = 
phases were determined 
4. Two eutectoid reactions were found to exist 
in the phase diagram 
=a y (590 C) 
SE Mex y’.» (650°C) 
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The subscripts show the invariant compositions In 
weight percent of nitrogen 


5. The iron-nitrogen phase diagram in the tem- 
perature range 450-700°C was constructed 
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A Study of the 


HIS study of the ternary has been made as one 
phase of a metallurgical investigation which 
began nearly four vears ago in the General Electric 
Company Research Laboratory in Schenectady 
N. Y. The objective of this program ts the discovery 
of new metallurgical information which will lead to 


the development of better high-temperature ma- 
terials. Combinations of the four pure base ele- 
ment iron, chromium, nickel, and cobalt are be- 
ing studied at the present time. It is essential in an 


investigation such as this to know as much as pos- 


ible about the constitutional diagrams involved 
The study of the iron-chromium-nickel system has 


been made to this end 


Preliminary Explanation of Experimental Pro- 


cedure: In all, fifty-five allovs at steps of 10 at. pet 
were made for the investigation of thi ternary 
Several ternary alloys in the chromium rich corner 


had to be omitted because their extreme brittleness 


made testi mpractical. All alloy were vacuum 
melted with } lrogen reductior ind centrifugally 
cust The paratu ind technique of thi process 
has been described in detail by Nisbet The purity 
of the all prepared in this wavy is considered to 
be te od 
Im ties are ted as follow 
Pet 
bor 
el 0.02 
Nit or 
Magne 0.03-0.05 
Sulpl trace 
Hy droget trace 
Phosphors trace 
Srlicor trace 
Afte ‘ t i nple vere ven a homo- 
enizaty treatment vhich cor ted of 
J.W. PUGH Research A t t J.D. NISBET 
Researcl \ te Rese hl t i. Gener 
Electric ( Schenect N. ¥ 
LIME Ne Meet 
TP 2785 E. D 
rransactions efore A } ched- 
ed ‘ N 19 t 


268—JOURNAL OF METALS, FEB 1950 


lron-Chromium-Nickel Ternary System 
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them for 15 hr at 1150 C (2100 F) and water 
quenching. Testing was begun with the samples in 
this condition 

The tests employed in the study of this system 
were (1) dilatometer, (2) hardness versus aging 
temperature, (3) tensile strength and elongation 
versus temperature, (4) microstructure analysis, 
and (5) electrical resistance versus temperature 
Dilatometer tests were made at the rather rapid 
heating rate of 1093 C (2000 F) in one hour ona 
Bristol-Rockwell type instrument. Hardness data 
were taken on specimens cooled from 204 , 427 
649°, 760°, 871°, 982°, and 1093°C under condi- 
tions which are thought sufficient to bring the speci- 
mens to equilibrium in all but the cases of the very 
sluggish transformations. Electrical resistance data 
for several specimens were taken for both heating 
and cooling conditions in a vacuum furnace espe- 
cially designed for this work by D. W. Bainbridge 
formerly of this laboratory. Provisions were mad 
for heating and cooling standard specimens at a 
constant rate, while autographic records of resist- 
ance and temperature were made simultaneously 
Micrographs of all the alloys were made in the 
quenched condition 

Some question may exist as to how such physical 
values as hardness, tensile strength, and elongation 
were interpreted to indicate a change in phase 
Original data were cecorded on physical property 
versus temperature graphs. each of which wa 
made from the data of a single alloy (fig. la). From 
these, another series of graphs were plotted with 
the physical property as a function of composition 
for constant temperatures (fig. 1b). Sharp devia- 
tions in the slope of these composition versus hard- 
ness curves often indicate a change in phase 

The example of fig. 1 will serve to describe this 
experimental technique. The plotting of a single 


point from graph “a” to graph “b,.” and finally to 
the phase diagram “c,”’ is illustrated. The location 
if the point on graph “b” is indicated as point (1) 


If all the allovs of the A-B binary system were 
lid solutions at temperature X, the hardness in 
lis curve would be expected to rise at a fairly 
even rate as A is diluted with B to a maximum at 


A and B as 


ntermediate value between 


1 
t 
oh 
ries 


The iron-chromium-nickel ternary phase relationships in fifty-five ailoys have 
been studied by means of hardness, elongation, tensile strength, dilatometer indica- 


tions, and microstructure analysis. A comparison has been drawn between the con- 


clusions reached and a composite picture of the ternary made from what were 


considered the best references on the subject. The diagrams presented represent a 


shown by the solid line, and then to be reduced in 
the same fashion as the amount of A dissolved in 
B is decreased as shown by the dotted line. This 
effect is in evidence from constituent A to about 60 
pet B or to point (1) in fig. 1b. At point (1) the 
hardness suddenly rises very rapidly to point (2) 
Point (1) is chosen as the point at which the phase 
boundary exists for temp. X, and composition Y, 
because of the sudden rapid rise in hardness values 
at this point 

Physical properties do not always provide the 
best criterion for the determination of equilibrium 
diagrams. It is also true that equilibrium diagrams 
may not provide a means of accurately predicting 
physical properties. An improvement in the appli- 
cation of fundamental information to alloy design 
must come about through “physical property dia- 
grams,” or more specific relationship between 


physical properties and equilibrium. Therefore, an 
attempt was made in this survey to relate physical 
properties to the equilibrium diagram 

The Iron-Chromium Binary: The iron-chromium 
system presented here (fig. 2) is the result of a 
selection from the data of Adcock and Wever and 
Jellinghaus.. A very limited amount of the data 
from the investigation at General Electric applies 
to this binary, but a dilatometer test of the alloy 
containing 10 pet chromium reveals the lower ex- 
tremity of the gamma loop at 890°C. This location 
is in good agreement with previous investigations 

None of the samples was held at temperature 
long enough to permit the precipitation of sigma 
the extremely hard, brittle intermediate constitu- 
ent of this system. The sigma region of the binary 
presented here follows that of Wever and Jelling- 
haus.’ Undoubtedly this sigma region is greatly 
expanded at lower temperatures as 1 ‘d by 
Bradley and Goldschmidt, who report evidence of 
a transformation to sigma at 75 pet chromium, and 


by Aborn and Bain,” who suggest that the two phase 


Ss suge 


boundary be slanted in the direction of 20 pe 
perature. Hougardy also 
nuch more extensive than 


chromium at room tem 
states that this phase is 1 
the work of Wever and Jellinghaus indicates. There 
is certainly a need for a more comprehensive study 
of this phase using long holding times at tempera- 
ture or mechanical working in order to enclose this 


ternary picture which is regarded as a fairly accurate picture of the ternary situation. 


by J. W. Pugh and J. D. Nisbet 
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phase within boundaries which more accurately 
approach the equilibrium situation 


The Iron Nickel Binary: This diagram (fig. 3) was 
constructed from diagrams proposed by Merica’ and 
by Hansen. The position of the alpha plus gamma 
area at low temperatures in this system has long 
been a controversial subject. The characteristic 
“irreversability” or hysteresis of this transforma- 
tion has resulted in two widely divergent sets of 
boundaries for this area. The two alpha plus gamma 
ranges, one of which is consistently obtained from 
cooling data while the other is obtained from heat- 
ing data, probably indicate one equilibrium range 
which lies somewhere between the two. Since 1 
has frequently been observed that there is consid- 


erably less resistance to the alpha to gamma trans- 
formation than there is to the gamma to alpha 
transformation, diagrams produced from heating 


data are very lkely closer to true equilibrium than 
those produced from cooling data 

Curiously, the data produced by the dilatomete: 
tests place this region in about the position which 
might be predicted from Merica’s diagram if we 
regard the region at higher temperatures as the 
most accurate 

The boundaries of the area beyond about 35 pet 
nickel have never been determined because at these 
compositions the increase in free energy when the 
alloy crosses thermally into the two phase region 
is insignificant compared to the resistance offered 
to the transformation. This increased resistance at 
higher nickel concentrations is caused by a de- 
crease in the equilibrium temperature of the trans- 
formation and also the change in concentration 
As indicated by Marsh,” the increase in resistance 
owing to the presence of a greater number of nickel 
atoms 1s probably caused by a low rate of diffusion 
since the atoms of iron and nickel are very similat 
in volume. For these reasons there seems little hope 
of completing an iron-nickel binary which very 
closely approaches equilibrium 

Two micrographs from this system are published 
here. The one of the 90 pct iron sample (fig. 17) 
shows areas of precipitated alpha which are rela- 
tively large and equiaxed when compared to the 
specimen at 80 pet (fig. 18) in which alpha ha 
precipitated in the familiar Widmanstatten struc 
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Fig. 1-—Schematic representation of experimental at“ Cr 
, technique in the use of physical properties to Fig. 2—Selected from Wever and Jellinghaus’ and 
study phase changes. Adcock. 
i precipitated gamma within the primary alpha 
tive enougl t these low nickel comp on The micrograph (fig. 21) of a 70 pet chromium 

f to cause ipha t precipitate m quenchi but at allov also quenched from 1150 C (2100 F) show 
J hignhe nicKel ¢ tent the t nsformation doc not dark oxide inclusion and eutectic colonic in an 
a take place with lon hola time at temperature unetched pecimen 

The Chromium-Nickel Binary: Data for the dia- An electrical resistance versus temperature test 

im presented here ( 4) were selected from the Was made on a specimen containing 80 pct chromium 

2 vork of Hanser Matsunag: ind Jenkin Buck with the hope that any change in structure othe 
on ! Austin. and Mel Data taken tn this labora than the alpha to gamma transition might cause a 
torv corrot ite the limits of jlid solubility indi- break in the resistance curve. The curve which re- 

cated in th liavran ulted from heating the specimen at the rate of 

Some f the micrographs taken of the alloy } 200 C per hr was difficult to interpret because the 

th ter we nterest The " ont nit 90 pecimen both volatilized and oxidized to some ex- 

pet chror m ¢ 19) eals n kin vhich at t t in the vacuum which wa provided by the 

pea Nn to those eculated upon by Jenkir testing apparatus. This effective diminishing of the 

ind | ( te Ihe Jenki pape i ested conducting cro ection tended to confuse the other 

“ that the n kir vere caused by the precipitation fact of increasing temperature and phase change 
of a compound containir nitrogen and it wa However, two small breaks were observed in what 

thought that or " f severa lovs cor vas otherwise a fairly regular curve. The first 

Va nt f nit contirmed thi break oc red at 722 C. while the econd appeared 

theor, hot imma pre it 1084 ¢ The latter is easily accounted fi by the 

cipitate (the ht ‘ cor ent) and the ewist imma to alpha transition, while the former may 
ence of imma above 90 pet chror n ve ed p ) ccount for the development of the extra 
The mi iph | 1) { 60 pet chron n precipitate iggested by Jenkins and his associates 
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The first 


Ternary: ! 
was by 


this ternary 
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vestigation of 


nig 
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aliov quenched tro Lioth ¢ (L100 F) ow vht 4a 
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binary dh an ! Vs that the it tv of imma 
in alpha solid solutior fecreased by diminishi I 7. This early investigation 
temperature i? nt the occurrence of reveaied the elative positions of the alpha, gamma 
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Fig. 3—Selected from Merica and Hansen. 


and alpha plus gamma phase fields on the iron side 
of the diagram and established the existence of the 
brittle constituent sigma (referred to by Bain and 
Griffiths as B). Since then, considerable experi- 
mentation has fairly well defined the ternary sys- 
tem. However, it is recognized that the exact equili- 
brium situation has only been approached and that 
in many instances the existing diagrams indicat 
phase changes in positions which are rather far re- 
moved from the true equilibrium positions. The two 
chief difficulties have been that of obtaining a suf- 
ficiently high degree of purity in the allovs and 
that of promoting the more sluggish transforma- 
tions (notably the transformation to sigma) 

The system has been studied in this case by first 
preparing a series of isothermal sections at selected 
temperatures and a series of nine constant-iron 
composition sections at intervals of 10 pet iron. The 
sections were constructed from a composite selec- 
tion from the data of the following investigations 
1. Jenkins, Bucknall, Austin, and Mellor;* 2. Brad- 
ley and Goldschmidt: 3. Schafmeister and Ergang 
and 4. Wever and Jellinghaus.' Data from the first 
reference were used chiefly in choosing the solidus 
and liquidus temperatures, while the other thre« 
which for the most part are in fairly close agree- 
ment, were used in plotting the limits of solid solu- 
bility. A three-dimensional model of the svste 
was constructed from these data using Plexig 


sheet for vertical sections of constant-iron compo- 
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Fig. 4—Selected from Hansen, Matsunaga, Jen- ; 
kins, Bucknall, Austin, and Mellor. 
sitions and for the three binaries, all of which were 


marked to show the phase changes. It was then pos- 
sible to compare the data taken in our laboratories j 
with that of the previous investigations 

Points plotted from hardness, tensile strength, 
and elongation data are taken from graphs made 
especially for this purpose with composition plotted 


against hardness, tensile strength, or elongation at 


constant temperatures. Points plotted from the data 


are in each case indicated in such a way as to show 


whether the source was dilatometer, hardness, 
tensile strength, or elongation. Dilatometer tests 
provide a very limited amount of information on 


this system owing to the temperature limitation 
(1093 C) of the instrument. Of the other tests 
hardness is the most reliable and was put to the 
greatest use, but tensile strength and elongation 


were useful in corroborating changes indicated by 


hardness data 


An examination of fig. 5, 6. 7, and 8 will reveal 
that the data of this investigation were in close 
agreement with the reference investigators up to 


50 pet iron. However, in a constant-iron plane at ‘ 
90 pet tron there is a consistent difference which 
would enlarge the gamma region of solid solubility 

as indicated in fig. 9. This change disagrees speci- : 
fically with a similar section published by Schaf- ¢ 
meister and Ergang’ who have placed the limit of 

olid solubility of gamma below 1000°C at about 7 
22 pet nickel in this 50 pet iron section. Physical ue 
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Fig. 14—Fe-Cr-Ni isothermal section. 800°C. 
Ref. 6, 14, 15 


Fe 


A * 
- 
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Fig. 16—Fe-Cr-Ni isothermal section. 1100°C. 
Ref. 4, 12. 14, 05 
data consistently indicate that this limit 


property 
should be located at less than 20 pct nickel (fig. 9) 
Microstructure analysis substantiates the existence 
of this phase boundary below 20 pct nickel. A com- 
parison of fig. 28 (50Fe, 10Ni, 40Cr) and fig. 30 
(50Fe, 20Ni, 30Cr) reveals that the boundary of the 
two phase region falls some place between thes« 
adjacent alloys 

The section at 60 pet iron, which had to be con- 
from published isothermal sec- 
tions, is again in with the data 
taken in this laboratery as is indicated in fig. 10 

The section at 70 pct iron published here (fig. 11) 


structed originally 
agreement 


good 


differs considerably from the Schafmeister and 
Ergang section at this concentration, since these 
authors apparently have not allowed for a very ex- 
tensive alpha plus gamma field in the iron-nickel 
binary. The data available on the allovs represented 
by this section are not very revealing, but the phase 


boundaries must be very nearly in the positions 


70 80 90 Ni 
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Cr 10 20 3 40 50 60 70 @0 90 Ni 
Fig. 15—Fe-Cr-Ni isothermal section. 400°C. 
Ref. 4, 12, 14, 05 


indicated. If the 70 pet iron section as represented 
here is correct, the micrograph of fig. 23 (70Fe, 10Ni., 
20Cr) might be expected to show a precipitation of 


alpha on quenching from 1150°C such as fig. 24 
(80Fe, 10Ni, 10Cr) shows. The fact that this pre- 
cipitation Is not in evidence in the former micro- 
graph may, however, be attributed to the same 


tendency for increasing resistance to transtorma- 
tion with decreasing iron content as was explained 
in the discussion of the iron-nickel binary. In this 
case the increase in chromium content must be held 
responsible. It logical t that the 
effect of additional chromium atoms would be 
similar to the effect of adding nickel, 
the chromium atom is also very similar in size to 
the iron atom and it is this similarity which im- 
pedes diffusion 

The section at 80 pct iron (fig. 12) has been ad- 
temperatures to fit the dilatometer 
this laboratory and the situat.on 
seem to be he 


seems » assume 


more ince 


justed at lower 
data furnished by 
presented in this diagram 
logical one. The micrograph of the alloy which i 
represented by the middle of this (fig. 24) 
shows the expected alpha plus gamma Widmuan- 


would 
section 
statten structure 


The 90 pet iron section (fig. 13) at low 
tures is also the result of dilatometer data 


tempe-a- 
as it Nas 


been presented here it represents alpha plus gamma 


as a region almost triangular in shape and whose 
three vertices are points on the iron-nickel and 
iron-chromium binaries 

The shape of the alpha plus gamma region in the 
iron rich part of the diagram is quite odd. It i 
nearly impossible to visualize without the aid of a 
three-dimensional model. Beginning at the peri- 


ilron-nickel binarv, it 


iron-chromium 


tectic point (1500 C) in the 
bends down toward and touches the 
be- 


binary forming the gamma loop of that system 


tween 1400°C and 850°C). At still lower tempera- 
tures it sweeps back again toward the nickel-iron 
binary where it makes contact in the di puted alpha 
plus gamma region of that tem. Never is thi 
region common to both binaries at the same tem- 


but fluctuates fron 


ache 


Iron composition 
intil the i: 


perature and 


one to the other on composition re 
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Fig. 21 (upper left)— 
Composition: 70 Cr 30 
Ni. Fig. 22 (upper 
right) — Composition: 
80 Cr 20 Ni. Etchant: 
HC! + HO. Fig. 23 
(lower left) — Compo 
sition: 70 Fe 20 Cr 10 
Ni. Etehant: Kahlings 
Reagent. Fig. 24 (low 
er right) — Composi 
tion: 80 Fe 10 Cr 10 
Ni. Etehant: Kahlings 
Reagent. 
Note All micrographs are 
of alleys held fer 15 he at 


‘rower and 
quenched 


JOURNAL OF METALS, FEB 


1950, TRANSACTIONS AIME, VOL. 188 


- 


Fig. 17 (upper left)— 
Composition: 90 Fe 10 
Ni. Fig. 18 (upper 
right) — Composition: 
80 Fe 20 Ni. Fig. 19 
(lower left) — Compo- 
sition: 90 Cr 10 Ni. Fig. 
20 (lower right) — 
Composition: 60 Cr 40 
Ni. Etchant: HCL + 
HO. 


Note All micrographs are 
of alloys held for 15 br at 
110°C (2100°F) and 
quenched 


+e Or of > SY 


\ 
Composition: 30 Fe 30 : 7 Lents 
Cr 40 Ni. Etchant: 
Cr 30 Ni. Etchant: 
HCl. Fig. 27 (lower 
Fe 40 Cr 20 Ni. Eteh- 
ant: (NO), C, H. OH 
+ HCL. Fig. 28 (lower 


right) — Composition: eee 
50 Fe 40 Cr 10 Ni. 


2100°F) and 
quenched 


4 


. 
Fig. 29 (upper left)— 
Composition: 60 Fe 30 
Cr 10 Ni. Etehant: HCI 
+ H O. Fig. 30 (up- 
: tion: 50 Fe 30 Cr 20 : 
Ni. Etchant: (NO), 
H OH + HCL. Fig. 31 
y 30 Fe 50 Cr 20 Ni. 
a . 7 ” > Note All micrographs are 
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omething over 35 pet. At this point it presumably 
forsake both binari ar expands to cover a vast 
range of temperature an intermediate composi- 
tior intil it reaches the chromium-nickel binary 
The othermal section f ge. 14, 15, and 16 are 
published to indicate the differences in phase situa- 
tion at the tempe ture 
Some of the mic ph alloys which lie in 
th ternary alpha 4 nma region show inter- 
n tructure 2 Fe, 30Cr, 40Ni) show 
i ‘ © ¢ nination what might be a minute 
juanti itated ipl ilor crvstallo 
hic plane I A ld infer that the alpha plu 
i re nr nt e ‘ than pre ous Inves- 
t itior na ‘ lata 7) would 
ndicate rh i nable n of the 
te it Ihe 0 ad ent t tn one (fig 26 
OFe, ONi) eate mount of pre- 
pitated pha a the tallo pl im 
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cal eutectic tructure 
tr \ ler 
(50F« 10C ON na 29 (60F* 
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Fig. 33 (left) —Com- 
pe on: 10 Fe 80 Cr 10 
Ni. Fig. 34 (right) — 


Composition: 70 Fe 10 
Cr 20 Ni. Etchant: 


, Note All micrographs are 
% of alloys held for 15 hr at 
quenched 


phase is probably considerably less than that of 
equilibrium and the alpha plus gamma region of 
the iron-nickel binary is rather ill defined, the dia- 
grams presented here are believed to show a pic- 
ture of the system which is as nearly accurate as is 


presently possible 
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Effects of Three Interstitial Solutes ‘Nitrogen, Oxygen, and Carbon) 


on the Mechanical Properties of High-purity, Alpha Titanium 


by Walter L. Finlay and John A. Snyder 


The effects of three interstitial solutes—nitrogen, oxygen, and carbon—on the 
mechanical properties of high-purity alpha titanium were determined on fusion- 
alloyed, annealed specimens in comparison with a substitutional solute, iron. A good 
correlation between bend ductility as well as the several microtensile properties and 
Vickers hardness was established for both the binary and ternary alloys of the inter- 
stitial solutes. In contrast to substitutional solutes, it was shown that the element 
with the lowest solubility had the greatest strengthening effect and this was dis- 

cussed relative to the associated lattice parameter changes. 


EVERAL notable studies of the effects of sub- 
stitutional solutes have been reported. Outstand- 
ing among these for its elucidation of general prin- 
ciples, is the summarized work of Hume-Rothery 
and coworkers.’ For a systematic study of the effects 
of substitutional solutes on the mechanical proper- 
ties of the solvent lattice, the work of Brick, Martin, 
and Angier’ on copper; of Frye and coworkers" *' 
on copper and silver; and of Lacy and Gensamer" 
and of Austin’ on iron may be mentioned 
Titanium is one of the few elements offering the 
possibility of a similar study of interstitial solutes 
since, unlike most metallic elements, it exhibits 
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extended solid solubility for most of the inter- 
stitial solutes—hydrogen, boron, nitrogen, oxygen, 
and carbon. This paper reports a survey of the 
effects of dilute solutions of nitrogen, oxygen, and 
carbon on the mechanical properties of high-purity 
alpha titanium. 

Previous Work: Van Arkel and De Boer showed’ 
that high purity titanium was quite ductile and 
De Boer, Burgers and Fast established” that not 
only were oxygen and nitrogen very soluble in 


solid titanium but that, long before the limit of 
solid solubility of either had been reached, these 
interstitial solutes rendered the metal brittle 
Their electrical resistance data as a function of 


on 


Tltlaate tenelle 
strength A 


rengto 


= 


Viewers 


Blemgstion (per cent tn 1/2 tn.) 


0.2 Per Cent Offest Yield and Uitimte Strengths (x 10° pet) 


0.8 


Bitrogen (weight per cent) 


Fig. 1--Tensile properties and Vickers hardness of 
annealed, high-purity binary titanium nitrogen alloys. 
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est purity obtainable.” Such titanium was employed 
throughout this investigation. As being prepared 
by the Battelle Memorial Institute for use in re- 
search programs sponsored by the Remington Arms 
Co., Inc., and others, this highest purity titanium 
has shown individual Vickers hardness readings as 
low 60 and average Vickers hardnesses in the 


as 


neighborhood of 70. In sharp contrast, commercial 
§ 
=e " purity titanium has a Vickers hardness up to three 
times this minimum value 
4 Battelle’s best estimate’ of the chemical com- 
§¢ - position of the iodide titanium prepared for alloy 
3 ; development work is as follows 
23 
as 
Standard Quality Highest Purity 
> 
- Raw material 98.6 pet tit oa) ct iodide titaniu 
. As-deposited hardne 80-90 VHN 0-80-VHN 
Titanium 99.8 99.9 


Per 


j 
0.0% 0.20 0.26 » 
f N.B.: 1. Both grades contain trace quantities of 
(welaht per cent) 
tungsten, molybdenum, lead, nickel and calcium 
Fig. 2—Tensile properties and Vickers hardness of 998 
annealed, high-purity binary titanium oxygen «. Starting filament made of 99.6 pct titanium 
alloys. 3. Based on Derge’s results,” the oxygen con- 
tent is believed to be approximately 0.01 pct in the 
temperature howed that, with increasing con- 
tauminant, the alpha-beta transformation was both T T T 7 
ed and s} id over a temperature range. From | 
this it may be inferred that the terminal alpha 
9° 
titaniun olid solution in both binary alloys is - 
formed b 1 peritectoid reaction. Ehrlich reported = 
that the binary syst of titanium with nitro- 
el er carbon, and hydrogen were very 
nila { gave their maximum binary solid solu- + % 
Dilithe plu la rt nin titanium a ro | | o 
Element Atomic Pet 
Hvdrogen 33 timate fenelle i 
strength 
30 § 60 + + 
\ oven 18 a 4 
Carbor 8 2 
i ‘ 
& 
4 
A Ehrlict e no indication of the temperatures at 3 3 
ict i I i i I a 
which these iximum olubilities were obtained ko 
ind it beleved that the car it best be con- 
ered or ipp it 
Fa con ed hat nit en had a more potent | | 120 
‘i nfluence n t propertie f titanium than did 
Wart n, on the othe hand tated” that | | | 
‘ el } t t im tant of all impurities in 20 1 | | | 100 
its effect on the echanical properties of titanium Cod 0.2 0.3 O.4 0.5 
ue Howeve intitative data were presented by Carbon (weight per cent) 
tI nvest ito first report of ich in- 
ty e1the Phe Fig. 3—Tensile properties and Vickers hardness of 
ecent er Jaffee and Camp- mal igh- itv bin: itani -arb: 
J annealed, high-purity inary titanium carbon 
it fects alloys. 
x standard quality and somewhat less than this in 
the highest purit' rade 
Experimental Alloys and thei inalloved controls were pre- 
Oatline of Investigation: Titanium produced by pared by fusion of as-deposited iodide titanium 
i the Van Arkel and De Boer proce involves the rod. Ingots approximately 10 g in weight were 
decom posit f titar tet lide on an in- melted in purified argon in an electric arc furnace 
In the case of alloys, the highest purity obtainable 
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element or titanium compound of the element, such 
as oxide, nitride, and carbide, was encapsulated in 
iodide titanium rod prior to melting. The cast in- 
gots were cold rolled to 0.040 in. thick sheet, me- 
chanically cleaned, 1000°C vacuum annealed, cold 
rolled to 0.020 in., and finally were annealed for 
one hour at 700°C in vacuum. For both the un- 
alloyed titanium and its dilute binary and ternary 
alloys discussed in this paper, this treatment gave 
an annealed, equiaxed grain size of 0.020—0.025 
mm av. diam. Several representative micrographs 
of these materials are presented in fig. 18-22. These 
were prepared according to the techniques re- 
cently” described by Finlay, Resketo and Vordahl 


Microtensile Testing: The scarcity and high cost 
of iodide titanium, particularly at the time when 
this investigation was undertaken, dictated the 
use of micrometallurgical procedures. Accordingly 
equipment and techniques were established where- 
by accurate and reproducible tensile test results 
could be obtained on specimens having an overall 
length of 244 in. and gauge dimensions of 0.020 x 
0.150 x 0.5 in. Yield and ultimate tensile strengths 
determined on microtensile and on_ standard 
A.S.T.M. sheet specimens the same metal were 
found to agree closely; the microtensile elongation 
(over a % in length) was approximately five 
percentage points higher than the standard elonga-¢ 
tion (over a 2 in. ga. length) as was to be expected 
because of the proportionately larger effect which 
necking elongation has in the total 42 in. ga. length 
elongation. All microtensile results reported in this 
paper were on whose longitudinal axis 
was parallel to the rolling direction; all the tensile 
data given are the average of three specimens 
5-keg 

on 


of 


ga 


specimens 


Vickers hardness 
microtensile 


Two 
made 


Hardness Testing: 
determinations were 
Thus, in 


each 


specimen general, each hardness figure 


Viemere Sardmess Pumber (5 kg.) 


Klongetion (per cent in 1/2 in.) 
0.2 Per Cent Offeet Yield and Ultimete Strengths (x 10° pet) 


Ipon (weight per cent) 


Fig. 4—Tensile properties and Vickers hardness of 
annealed, high-purity binary titanium-iron alloys. 


packed structure. The conventional tensile test in- 
volves uniaxial stress during the period of uniform 
elongation and appreciable triaxiality during neck- 
ing. With an 0.020 in. thick sheet specimen it is not 
feasible to determine reduction of area in the ten- 
test that this index of reaction to triaxial 
not available in this investigation. A 
test, the other hand, quite con- 
conduct and, when a_ width-thickness 


sile so 
stress 
sheet 
venient 


was 
bend 
to 


Is 


on 


Nitrogen 


8 


8 


Oxy ven 
5 


Nitrogen 


Vickers Harness umber (5 kr.) 


Co Parameter 


& Parameter (2) 
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Fig. 5—Correlation of Vickers hardness with the lattice parameters and c./a. ratios 
of annealed, high-purity, binary, titanium-base alloys containing nitrogen, oxygen 
and carbon. 


reported in this paper is the average of six hardness 


determinations 

Bend Ductility: The 
stress condition imposed by a 
importance in the ci 
because of the relatively few 
able for plastic deformation in its hexagonal-close- 
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of employed, considerable 
tre biaxiality involved. Accordingly, a bend 
test was included in this investigation, employing 


pecimens having dimensions of 0.020 3% 2% 


eight or more is 


ratio 


Is 


in 
All the involved this 
found capable of being bent over a sharp (0.005 in 


specimens in study were 
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Fig. 6—Relationship between Vickers hardness and 

composition by weight of annealed, high-purity, 

binary titanium-base alloys containing nitrogen, 
oxygen, carbon and iron. 


losers Haber 


t le per cent) 
peas Fig. 7—Relationship between Vickers hardness and 
; composition by atomic percent of annealed, high- 


oi purity, binary, titanium-base alloys containing ni- 
trogen, oxygen, carbon and iron. 


wedge included angle of 75 
without any evidence of cracking. Specimens so 
V5 bent were then folded flat on themselves (the 75 


included angle being thereby reduced to zero) and, 
if a particular specimen had not suffered cracking 
by then, it was opened out, by which action it was 
considered that the included angle decreased from 
zero to some negative value, e.g. to —180° if the 
specimen had been opened out flat. The bend ductil- 
ity was taken as the angle at which the first evi- 
dence of cracking was detected. 

Reproducibility of Results: A statistical analysis 
of the hardness, bend ductility, and microtensile 
properties of high-purity, unalloyed iodide titanium 
ingot melts made in the are melting furnace during 
the period in which the melts involved in this 
study were made, showed the following rough 
screening differences for the various mechanical 
properties: 

Bend Ductility 60 
Hardness 11 VHN 
0.2 pet Yield 4,700 psi 
Ultimate 5,300 psi 
Elongation (2 in.) 10 pet 
These rough screening differences are triple the 


0.2 Per Cont Offset Yield Strength (410° pei) of the Same Alloys 


Vas of Binary (@) and Ternery (©) 

Bitrogen, Otygen and Carbon alloys 
Fig. 8—Correlation of Vickers hardness with yield 
strength of annealed, high-purity, binary and 
ternary, titanium-base alloys containing nitrogen, 

oxygen and carbon. 


standard deviations and mean that if a sample has 
property values different from its reference base 
by more than the value given, then that sample is 
significantly different since, in even the borderline 
cases having differences just exceeding the values 
given, the probability of such a difference occur- 
ring by chance alone is only one in twenty 
Properties of Unalloyed Base Material: The 
average properties of the unalloyed iodide titanium 
employed in this investigation, in the form of 0.020 
in. thick, annealed sheet with an 0.025 mm av. diam 
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were: 
Bend Ductility -110 

Hardness 

0.2 pet Yield 

Ultimate 

Elongation (2 in.) 


50 pet 


Because of the number of 10-g ingots 


est purity iodide titanium grades were 
latter for the lower alloy additions 


balance used, i.e 
ingots involved, within 0.002 pct 


grain size and fabricated from a fused, 10-g ingot 


103 VHN 
21,400 psi 
46,000 psi 


involved, 
more than one iodide filament were used and this 
accounts for the variation in unalloyed properties 
shown in fig. 1-4. Both standard quality and high- 
used, the 


Analysis of Chemical Composition: It had fortun- 
ately been found, in melting gram quantities of 
pure iodide titanium in the are furnace, that the 
furnace charge and the resulting cast ingot had the 
same weight within the accuracy of the analytical 
within 0.0002 g or, for the 10-g 
When alloying 


loys 


Cltiaate Strength (« 10” pel) of the Same al 


VaR of Binary (@) and Termery (O) 


Bitrogen, Oxygen and Carbon Alloys 


ing nitrogen, oxygen and carbon. 


nonvolatile 


with titanium relatively 


change 
such 


absence of a detectable weight 
achieved. Chemical 


analyses of 


analysis” within 0.02 pet 


carbon offer 
alloying as 


procedure 


50 + + - 
2 + 
° 

100 420 140 160 160 200 


Fig. 9—Correlation of Vickers hardness with ulti- 
mate tensile strength of annealed, high-purity, 
binary and ternary, titanium-base alloys contain- 


metals, not 
only tungsten and molybdenum but also such ele- 
ments as iron, aluminum, chromium, and copper, 
was also 
ingots by 
standard wet procedures have checked the “weight 


The nonmetallic elements nitrogen, oxygen, and 
the possibility of employing diffusion 
an alternative to fusion alloying. This 
however, is attended by its own prob- 
lems, including those of holding thin, very highly 
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Fig. 10—Correlation of Vickers hardness with 

elongation of annealed, high-purity, binary and 

ternary, titanium-base alloys containing nitrogen, 
oxygen and carbon. 


| 
T 
4 


Bend Duetility (included angle of sharp bend) 


Weight Per Cent 
Fig. 11—Bend ductility of annealed, high- 


titanium-base carbon and 
iron alloys. 


purity, binary 


reactive titanium sections for one or more hour's 
above 1000°C without contamination, uncertainty 
whether homogeneity has been attained, poor con- 
trol of grain size relative to the cold working and 
annealing practiced with fusion-alloyed specimen 
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and the relatively slow diffusion rates of nitrogen tion between Vickers hardness number and the 


and carbon in titanium three conventional tensile properties: (1) 0.2 pct 
on In fusion alloying titanium oxide, nitride and Offset Yield Strength; (2) Ultimate Tensile 
“i carbide, a slight weight loss was incurred. This Strength; and (3) Percent Elongation in 42 in. The 
averaged 0.001 g in a 10-g charge for the dioxide points on these graphs were so close together for 
} and carbide, and approximately double this for the the binary alloys involving nitrogen, oxygen, and 
: nitride. All this weight loss was ascribed to the carbon that it was decided not to attempt to dis- 
loss of powdered compound and none to titanium tinguish between them. Subsequently, similar data 
metal. Thus the “weight analyses” of the ingots for ternary alloys involving these elements were 
were arrived at. These were checked in a numbet plotted as open circles on these graphs and were 
of representative cases by chemical analysis. The found to fall within the band implied by the curve. 
latter agreed with the weight analyses within 0.03 Fig. 11 and 12 show the relationships between 
pet for carbon, and within 0.02 pet for nitrogen bend ductility and the compositions of binary alloys 
based on nitrogen, oxygen and carbon. Fig. 13, de- 
~ rived from fig. 1-3 and fig. 11-12 shows the correla- 
tion between hardness and bend ductility of these 
alloys. Most of these derived data fall within a 
band 60° wide, representing the rough screening 
difference for bend ductilities at the 95 pct proba- 
é § Penetration hardness is well recognized as, at 
. § best, a complex criterion of the mechanical prop- 
‘ . #150 erties of a material, and any correlation with them 
, 3 nust be carefully defined and probably should 
t never be extrapolated. In the present case, the cor- 
relation has been established for fine-grained, 
: equiaxed, annealed alpha titanium alloys involving 
f nitrogen, oxygen, and carbon with hardnesses not 
appreciably exceeding 200 Vickers. Despite these 
delimitations, the correlation, while by no means 
Nitrosen 
‘, Fig. 12—Bend ductility of annealed, high- ! 
: purity, binary titanium-base nitrogen, oxygen, | 
carbon and iron alloys. Curves for last two . | | 
from fig. 11. i if 
One of the inary oxygen alloys was analyzed by = | | 
Derge.” A difference of 0.03 pet was obtained be- + 
tween our weight analysis and his vacuum fusion 
8 anal This difference can, on the basis of othe 4 
% results obt b be to approx! 
ate] <ygen in the itec 
titanium f r an a la Imi \ 
y 0.015 pet oxygen during arc fusion. These correc- 
tlons were not made in the data reported in thi 
papet 300 _ 
Hardne and microtensile data on dilute binary of Binary + and Carton allevs 
wis alloys of three interstitial solutes. nitrogen. oxvgen Fig. 13—Correlation of Vickers hardness with bend 
cart « hetit ductility of annealed, high-purity, binary, titan- 
1-4. Relatior ium-base alloys containing nitrogen, oxygen and 
carbon. 
: these four elements are shown in | 6 and 7. Bend as extensive as the remarkable inter-relationships 
te ductility f these four elements is presented in f established for the tempered martensite structure 
and 12. Several tvpical micro pl ire shown by Janitzkvy and Baevert nevertheless be- 
3 fig. 18-22 heved to be unusual 
Vickers Hardness—Tensile Properties Correla- Binary Effects: As a concomitant to the good 
§ tion: Fig. 8, 9, and 10 were drawn from data de- correlation between Vickers hardness and micro- 
rived from f 1-3 and show an excellent cor: tensile properties, the outstanding effects of nitro- 
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Fig. 14—Comparison with Jaffee and Campbell" of the 

properties of annealed, high-purity titanium-nitrogen 

alloys. 


oxygen data given by the present paper with those 


of Jaffee and Campbell.” These workers used iodide 
titanium as a base material and diffused oxygen 
and nitrogen into the solid titanium. They em- 
ploved a 1 in. ga. length, which accounts for part, 


of their consistently lower elongation 


at least, 


values. From fig. 14 and 16 it is seen that the data 
agree quite well for binary nitrogen. As can be 
seen in fig. 15, the binary oxygen alloys also exhibit 
good agreement up to 0.1 wt pet oxygen, beyond 
which point their data show higher hardnesses and 
lower ultimate tensile strengths than the authors’. 
The reason for this discrepancy is not known. One 
possible explanation which itself, how- 
ever, is that diffusion was not complete in their 
higher oxygen alloys so that their specirnens had 
a harder case and a softer core than if they had 
been completely homogenized. In general, however, 
the close confirmation of the values obtained by 


suggests 


the two different procedures is gratifying 

In connection with the scatter of the data in fig. 
1-4, it is perhaps worth emphasizing the coupling 
of the uncertainty in the analyses (estimated to be 
ibout 0.03 pct) and the 
fects of nitrogen and oxygen on the mechanical 
properties of titanium. Less than 0.1 pet of these 
elements more than doubles the strength and halves 
the ductility of high-purity titanium. This is done, 
not by a multiplying factor such as 1s involved in 
the hardenability effect of boron in certain steels 
or in the grain boundary effect of bismuth in cop- 
per, but by simple solid solution In any careful 
work with titanium and titanium-base alloys, there- 
fore, the investigator must vigilant 
against the accidental intrusion of these elements 
into his test material 

Parameter-strength Correlation: An 
correlation between the lattice-expanding tenden- 
cies of nitrogen, oxygen and carbon and their effects 
on the mechanical properties of alpha titanium is 
A similar effect has been shown’ by 
Treco for substitutional 
and silver were 


be ceaselessly 


interesting 


shown in fig. 5. 
Five, Caum, and 
solutes in 


certain 


coppel! Data for fig. 5 


derived from fig. 6 of this paper and from the rela- 


tionships between the lattice parameters and com- 
and for 


position determined by Clark for carbon 
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seen that the curves 
It is some- 


for oxygen and nitrogen almost coincide 
thing of an oversimplification to consider only the 
size factors of two solute atoms relative to 
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Fig. 16—Comparison with Jaffee and 

Campbell ot Vickers-ultimate 

strength correlation for annealed, 

high-purity, titanium-base nitrogen 
and oxygen alloys. 


Fig. 17 — Relationships between in 
crease in ultimate tensile strength 
and composition of titanium-base 
binary, high-purity nitrogen, oxy- 


gen, carbon, and iron alloys. 
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between mechanical properties, as epitomized by 
hardness, and the lattice parameters. With the low- 
est solubility, carbon has the lowest hardening 
effect despite having the greatest expanding effect 
on the lattice. This is contrary to the generalization 
which has been established for substitutional 
solutes in copper’ and iron’ ’, namely that the lower 
the parameter change effected by a solute the lower 
its hardening effect and the greater its solubility. 
Nitrogen, oxygen and carbon are, of course, inter- 
stitial solutes and this difference may be the basis 
on which the failure of the. substitutional solute 
generalization to extend to the binary alloys under 
discussion may be explained. An opposite general- 
ization for interstitial solutes, namely the greater 
the solubility the lesser the hardening effect, pos- 
sibly cannot be made since nitrogen has a greater 
hardening effect on titanium than oxygen, yet 
reported” by Ehrlich to have a greater solubility. 
A careful determination of the solubilities of nit- 
rogen and oxygen would be of value in this regard 
Another interstitial solute, hydrogen, appears to 
support the generalization for interstitial solutes 
since hydrogen has been shown" by Jaffee and 
Campbell to have a barely detectable hardening 
effect and is reported” by Ehrlich to have the high- 
est solubility of any interstitial element 

It may appear surprising that carbon, with its 
greater expansion of the lattice than either oxygen 
or nitrogen, should effect less hardening. It will be 
noted from fig. 5, however, that carbon has a much 
marked 


Is 


more tendency than either nitrogen or 
oxygen to change the c,/a, ratio towards the theo- 
retical 1.63. Assuming the latter is associated with 


easier slip, one might envision that at least partial 
compensation for the lattice expansion is afforded 
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by closer approach to the c./a, ratio of hexagonally- 


close-packed spheres 


Ternary Effects: Several ternary alloys were 
made to secure Some preliminary indication 
whether the simultaneous presence of two alloying 


elements from the group containing nitrogen, Oxy- 
gen, and carbon gave mechanical properties which, 
on the of binary 


basis effects, were additive, more 
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Fig. 18—As- 

deposited, 

high-purity, 
iodide 


titanium. 
Light field illumi- 
nation. “A” etch 


~ 


Fig. 20— 
Ternary 
Ti-0.05 
Nitrogen-0.07 
Oxygen, 
50 pet. 
Cold-rolled and 
annealed for one 


hour at 700°C 
etch. 


than additive or less than additive. Accordingly, 
the following additions were selected on the basis 
of their binary effects in giving a Vickers hardness 
in the neighborhood of 160: 


0.05 wt pet 
0.07 wt pet 
0.20 wt pet 


Nitrogen 
Oxygen 
Carbon 
Ternary additions were made by individual fusion 
for each addition: i.e. to make a ternary titanium- 
nitrogen-oxygen alloy, a titanium-nitrogen alloy 


Fig. 22—Same as Fig. 21 except “B” etch. 


TRANSACTIONS AIME, VOL 


Fig. 19— 
Same as Fig. 
18, except 
dark field 
illumination. 


Fig. 21— 
0 ¢ Binary 
Ti-0.4C, 
ra) 50 pet. 


Cold-rolled and 


4 “A” eteh. 600X 


was first melted and the TiO, was then melted into 


the binary titanium-nitrogen alloy. The following 
ingots were cast and tested: 


Compe- Vield Itimate Pet Elen 
Code No sition pet VHN (pst) (pst) gation 

101-1 0.05 .N 211 58,000 80,000 28 
0030 

101-2 0.05 N 198 55.600 77.500 30 

102-1 003 N 194 52.000 71,900 12 
0.25 


102-2 O05 N 156 40,500 60 600 40 


103-1 58 800 77,100 


103-2 54.000 75,100 


Fig. 8 through 10 show the relationship between 
Vickers hardness and microtensile properties by 
plotting the values in the foregoing tabulation as 
open circles. It is seen that these ternary values 
conform to the binary correlation 

Following the procedure of Lacy and Gensamer,’ 
the log-log plot of ultimate strength increase versus 
composition in atomic percent shown in fig. 17 was 
drawn. The parallel, straight-line relationships 
established by Lacy and Gensamer for alloyed fer- 
rites can perhaps be considered to hold for the four 
dilute titanium solid solutions considered in the 
present paper, although the seatter of experimental 
points is rather large. Moreover, the higher com- 
position ranges of both the iron and the carbon 
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alloys are two-phase. However, it was felt worth- wards the theoretical 1.63 for the hexagonal-close- 
while as a first approximation to consider that the packed structure. Finally, a good correlation was 
parallel, straight-line relationship existed and to shown between the amount of hardening and the 
employ the fig. 17 plot to express the concentration amount of lattice parameter change effected by 
of all the elements in terms of equivalent concen- binary additions of nitrogen and oxygen 


tration of one element, e.g. in terms of nitrogen 
This is done in the following tabulation Acknowledgment 


Acknowledgment is made to the Remington Arms 


Co., Inc., for permission to publi h this paper; and 
Increase Ultimate Concentration to the authors’ colleagues, P. F Darby and John 


Resketo, for consultation on the statistical analyses 
of the results and for the metallographic work, re- 
) 0 3 spectively. 
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Effect of Annealing in a Magnetic Field Upon 


lron-Cobalt and lron-Cobalt-Nickel Alloys 


by Joseph F. Libsch, 
Eberhard Both, 


Prepared by Powder Metallurgy 


George W. Beckman, Donald Warren and 


Robert J. Franklin® 


lron-cobalt and iron-cobalt-nickel alloys prepared by powder metallurgy have 
been heat treated in a magnetic field. The 50 pct iron-cobalt alloy exhibits optimum 


magnetic properties and an essentially rectangular hysteresis loop when subjected 
to the best magnetic annealing cycle developed. Small amounts of nickel appear to 


INARY and ternary alloys of iron, nickel and 
cobalt respond to annealing in a magnetic field 
by a characteristic change in the shape of thei 
hysteresis loop An increase in retentivity and a 
decrease in coercive force produced by the magnetic 
treatment cause the hysteresis loop to approach the 
appearance of a rectangle. 

Materials with a rectangular hysteresis loop have 
made possible the contact-rectifier and have greatly 
improved the performance of pulse transformers‘ 
and magnetic amplifiers. In the best material pres- 
ently available for these applications, a 50 pet 
nickel-iron alloy,” the desired characteristics are 
achieved by aligning the preferred crystallographic 
directions of magnetization along the rolling direc- 
tion of the tape 

The objective of the present study has been to 
produce rectangular hysteresis characteristics in 
materials with inherently high saturation. Iron- 
cobalt alloys, exhibiting saturation values up to 
24,000 gausses’ appeared to offer promise for the 
magnetic annealing technique, because they remain 
magnetic to very high temperatures,” exhibit favor- 
able magnetostriction properties,” and show zero 
crystal energy at 42 pct cobalt 

Among the ternary iron-cobalt-nickel alloys, 
response to heat treatment in a magnetic field 
unfortunately limited to alloys having rather low 
saturation values. It appeared interesting never- 
theless, to study a series of compositions connect- 
ing the optimum composition (50/50) of the binary 


be detrimental in the alloys studied. 
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iron-cobalt system with the “Perminvar” composi- 
tion (30 pet Fe, 25 pet Co, and 45 pet Ni) 

Very recently, R. Smoluchowski and R. W. 
Turner,” have shown that under certain circum- 
stances magnetic annealing can produce oriented 
recrystallization. A combination of this technique 
with the domain orientation utilized in the present 
study might well result in further improvements 

The advantages of the powder metallurgy tech- 
nique in preparing magnetic alloys for study have 
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Table I. Chemical Analysis of Powders Used in Preparation of Cores 


Powder 


Element Type 


0001 


Table Hl. Screen Analysis of Powders Used in 
Preparation of Cores 


$25 Mesh 
Pet 


Powder 1) 150 Mesh 700 Mesh 200 Mesh 
ret 


been dis« Rostoker’ and are utilized in this 


tudy 
Experimental Details 


The experimental pr required fabrication 


imple perforn of the 
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irement consequent magnetic 
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ickel in the 


rroximately 17% in. od x 


properti Test ample were 

elemental pe wae rs oft iron cobalt and 

form of 
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Material: 

from two t the chemic: 


table l and II wa 


electrolytic iron powder 
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analysi elected for 
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rer. The cobalt powder 

and contained appreciable 

I and Il 


ited amount of 


indicated in table 


available 
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This 
contain ; obalt an oxygen. Except 
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Preparation of Specimens: 
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0.003 0.001 balance 
0.01 0.43 
0018 O35 

0.09 0.06 


0.004 0.025 


Table IIL. Composition and Sintered Density of Alloys 


Composition Density 


Pet Fe 


Series A 


Series B 


Perminvar 


trolytic hydrogen. Heating rate from 800° to 

1400 C to be approximately 3 C per min 
The variations in the pre-sinter and repress opera- 
tions correspond to changes made to facilitate pro- 
duction of the cores as the work progressed. These 
changes did not influence the final results obtained 

The apparatus used in fabricating the cores has 
been described by Rostoker 

Magnetic Anneal: After fabrication and prelim- 
inary tests, toroidal cores were magnetically an- 
nealed in a stream of purified hydrogen. This was 
accomplished by heating the cores above their 
Curie points, and cooling in the presence of a mag- 
netic field. Direct electric current was _ passed 
through a copper or platinum winding designed to 
develop a circumferential magnetic field of the de- 
ired magnitude. Optimum response in the mag- 
netic anneal cycle generally involved an interrup- 
tion in cooling at 900°C for 1% hr and cooling to 

or below in the presence of the magnetic 

field 

The standard magnetic annealing treatment was 
therefore established as follows 
1. Heat cores above Curie temperature (1020°C) 

for 15 min 
2. Cool rapidly with magnetic field of 20 oersteds 

to 900°C 

Hold 1 with magnetic field at 900 C 
4. Cool rapidly (23°C per min.) to 230°C or below 

in presence of magnetic field 
noted, this standard magnetic an- 
applied to all cores 


where 


ailing treatment was 


: 
i ‘ r s Ca Ni Mn Cr si Fe 
Iror Electr tix 
Lotl ol 005 0 005 ool 
i Cobalt Reduced 
0.42 
] Lot 0.42 
{ Lot 5 0.53 
Lota 0.50 
Nich Carb 0 040 
Pet Ni Pet Co perce 
a tr 
Lot Trace 22 4 pct 29 
poy Lot2 Trace 7 pet 22 6a4 
1 50 0 7.88 
= Cobalt 10 45 45 8.09 
Lot! 20 0 40 8.15 
oe Lot Trace T ‘ 09 99.0 10 tS 35 8.23 
Lot T ‘ T ‘ 11 98.8° 0 8.28 
Lota T T 99 25 25 831 
* Result ft t ete test Lot balt powder 
howed ther eve trit 55 45 7.85 
the eo? ‘ 10 40 801 
20 45 806 
0 40 wo 8.17 
45 30 25 823 
of test 4 
nea ina 
Fa 
I 
| 
j used in pret eins f test cores 
4 
the mixed elemental 
t the follown equence of operation 
1. Press mixed powder n dis pre ire of 26 ‘ 
tor Die lubricant t be pet stearic 
acid in carbon tetrachl ick 
Pre rite reen compact at 800-816 C fo 10-25 
mir 
4. Repre compact at pre 22 tor in 
or 66 tor m ! 
Sinter compact at 1400-1430 C f tot time 
of Mi hr in atmosphere of 1 ed dry elec 
q 


Density Measurements: Density determinations 
were made on all alloys using the weight in air- ES a ee ee 
weight in water technique. Since the densities gen- * . ex. 
erally approached the theoretical value, the cores : 
were not coated prior to immersion in water. 

Magnetic Testing: The magnetic properties of the 
cores were determined by the standard ring method, 
employing a ballistic galvanorneter and de electric 
current. The ring dimensions were chosen in such 
a way as to make the radial thickness smal) with 
respect to the diameter. 

The following magnetic properties were meas- 
ured: (1) saturation at 100 oersteds, (2) retentivity 
or remanence after magnetization at 100 oersteds, 
and (3) coercive force. Because of extreme diffi- 
culty encountered in demagnetizing magnetic alloys 
cooled with a magnetic field, no attempt was made ' ee After Mog. Ann. 
to measure permeability. 

Before Mog. Ann. 

Variation in Magnetic Anneal Procedure for Lron- 
Cobalt-Nickel Cores: The standard magnetic an- 
neal procedure already described was used for all 
iron-cobalt cores. Iron-cobalt-nickel cores were 
annealed at the Signal Corps Engineering Labora- 
tories, using a somewhat different procedure. This 


Elmen (14) 


procedure consisted of heating in an atmosphere of 
purified electrolytic hydrogen to above the Curie 
temperature or the alpha-gamma_ transformation 
temperature of the individual cores in a magnetic 
field of 20 to 40 oersteds, increasing the field to 30 

70-80 oersteds: upon reaching maximum tempera- 

ture; holding for 5 to 45 min and then cooling at 

1.5 to 3°C per min to 500°C followed by continued Fig. 1—Effect of Magnetic Anneal on the Magnetic 
cooling at approximately 20°C per min to below Properties of lron-Cobalt Alloys. 


Coercive Force - Oersteds 


0 Before Magnetic Anneal 
o—e—e After Magnetic Anneal 


B - Kilogousses 


Retentivity | Coercive 
Force 
11200 121 

17000 65 


a 
H Oersteds 
Fig. 2—Hysteresis Loops and Magnetic Properties of 50 pet 
Iron-50 pet Cobalt Alloy, Before and After Magnetic 
Annealing. 
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containing 10 pct of 
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Experimental Results and Discussion 


Response of Lron-Cobalt to Magnetic An- 
nealing: Since the alloy f iron and cobalt contain- 
ing approximately 3 to xt cobalt pogsess the 

Known for magnetic Mma- 
and cobalt were pre- 
tion to determine 

and response to 


the magnetic prop- 
fore and after 
1. The 
ration induc- 


properties 


tentivity, and 
gnetic anneal 


W. Elmen 


the 


1500 oe! plotted for 


nealing n 

ignificant 1 a n saturatior 100), and 
a decrea i t! \ f ’ the allovs 
studied ‘he optimum responss agnetic an- 


bv 


Volume Magnetostriction 


110°" 


Fig. 3—Fundamental Literature Data 
for Bimary Alloys of Iron and Cobalt. 


nealing oceu 
mately 


rs at a cobalt concentration of approxi- 
50 pet 

The spread in experimental data for the alloys 
having a composition close to 50 pet iron-50 pct 
cobalt appears significant. Since almost no varia- 
tion in magnetic properties occurred for alloys with 
spread noted for 
alloys containing approximately 50 pet cobalt ap- 
pears due to the behavior of the latter 
alloys, rather than to any variation in processing 
variables. This sensitive behavior is most probably 
associated with the formation of the superlattice in 
this range of composition 


lower cobalt concentrations, the 


sensitive 


The 50 pet iron-50 pet cobalt alloy, after anneal- 
ing, also shows the best magnetic properties charac- 
teristic of materials which develop a rectangulat 
hysteresis loop, i.e., a high ratio of retentivity to 
saturation and a low coercive Fig. 2 shows 
typical hysteresis loops before and after magnetic 
annealing cores of a 50 pct iron-50 pct cobalt alloy 
prepared from commercial cobalt powder 

It is significant to note that the 58 pct iron-42 pct 
cobalt alloy shows the smallest increase in reten- 
tivity as the result of magnetic annealing. This re- 
sult is surprising, since the 42 pct cobalt alloy was 
initially study 
important parameters for 
esponse to magnetic annealing. Fig. 3, 
shows that the 42 pet cobalt alloy is 
magnetic to a very high temperature (980°); has 
a high linear (67.0 x 10°) 
at room temperature and zero crystal anisotropy 


force 


selected as the most promising fo! 
after an analysis of the 
optimum 
for example 


magnetostriction value 
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Similar conditions in the iron-nickel systern are 
associated with an excellent response to magnetic 
annealing. 

Poor response to magnetic annealing in the 42 pet 
cobalt alloy, and optimum response in the 50 pet 
cobalt alloy are difficult to explain. A comparison 
of the magnetic constants for these two alloys shown 
in fig. 3, however, is interesting. The crystal energy 
of the 50 pct cobalt alloy is considerably greater 
than that of the 42 pct cobalt alloy. However, the 
abrupt increase in the volume magnetostriction at 
the 50/50 composition and the known presence of 
a superlattice formation in this range appear to be 
more than a coincidence, and seem to exert a con- 
trolling influence on the behavior of the iron-cobalt 
alloys in the magnetic anneal 

Effect of Nickel on the Magnetic Properties of 
fron-Cobalt Alloys: Certain binary alloys of iron 
and nickel provide interesting magnetic character- 
istics and have achieved commercial prominence 
A large number of these alloys respond to heat 
treatment in a magnetic field’ and exhibit rectangu- 
lar hysteresis loops and a low coercive force afte 
magnetic annealing. 

Since the binary alloys of iron and cobalt studied 
showed a comparatively high coercive force afte 
magnetic annealing, it appeared desirable to de- 
termine the influence of nickel, on the magnetic 
properties of iron-cobalt alloys 

Two series of iron-cobalt-nickel 
therefore fabricated, magnetically 
tested (1) containing 0 to 50 pet of nickel and equal 
amounts of iron and cobalt and (2) containing 0 to 
50 pet of nickel and an iron content exeeeding the 
cobalt content by 10 pct. Table III gives the com- 
position of the alloys prepared and their sintered 
density. In addition, cores corresponding to the 
commercial alloy 


alloy 


annealed, and 


were 


Perminvar (30 pet iron, 25 pet 
cobalt, and 45 pet nickel) were prepared in an effort 
to confirm the response of this alloy to magnetic 
annealing. All iron-cobalt-nickel cores were fabri- 
cated in the standard manner except that they were 
repressed at 66 tons per in. and sintered at 1375°C 
rather than at 1400°C. Magnetic annealing and 
testing were conducted at the Signal Corps Engi- 
neering Laboratories in accordance with the tech- 
nique already discussed 

The saturation induction, the retentivity and the 
coercive force before and after magnetic annealing 
are shown in fig. 4 for the series of iron-cobalt- 
nickel alloys containing equal amounts of iron and 
cobalt. 

The data presented show a sharp decrease in 
saturation induction and in retentivity; and an ex- 
ceedingly sharp increase in the coercive force as 
the nickel content is increased from 0 to 10 pet 
While the coercive force decreases rapidly to a low 
value with a further increase in nickel content, the 
saturation and retentivity of the alloys containing 
more than 10 pet of nickel are considerably le 
than the saturation and retentivity of the 50 pct 
iron-50 pet cobalt alloy 

The primary influence of heat treatment i 
magnetic field appears to be an increase in the re- 
tentivity. It is interesting to note from fig. 4 that 
this increase is pronounced for the alloys 
ing zero per cent nickel and 30 to 50 pct nickel, but 


contain- 


is very small for the alloy containing 45 pct iron, 
45 pet cobalt and 10 pet nickel. The failure of iron- 
cobalt-nickel alloys containing 10 to 20 pct nickel 
to show appreciable response to magnetic annealing 
confirms the work of Bozorth and Dillinger.’ It may 
be explained by the simultaneous presence of two 
phases for alloys of this composition when they are 
cooled to room temperature. The large coercive 
force also is the result of this fact 

The saturation induction, the retentivity and the 
coercive force before and after magnetic annealing 
are shown in fig. 5 for the series of iron-cobalt- 
nickel alloys in which iron exceeds cobalt by 10 
pet. In general the effect of nickel in the iron-rich 
alloys is similar to its effect in the alloys containing 
equal amounts of cobalt and iron; although the 
minimum values of saturation induction and re- 
tentivity after magnetic annealing, and the maxi- 
mum value of the coercive force occur at a some- 
what higher nickel content, Le., 20 pet nickel. 
This is most probably due to the location of the 
boundaries of the heterogeneous two phase field in 
the iron-cobalt-nickel system extending from the 
78 pet cobalt point on the iron-cobalt side to the 
binary iren-nickel alloys with 20 to 30 pet nickel 

It is interesting to note in fig. 5 that the coercive 
force is a Maximum after the magnetic anneal for 
the 20 pct nickel alloy. This observation is con- 
trary to the decrease in coercive force resulting 
from the magnetic anneal experienced with all 
other iron-cobalt-nickel cores. The anomalous be- 
havior of the 20 pet nickel alloy is most probably 
associated with the effect of heat treatment upon 
the development of the heterogeneous alloy con- 
taining two phases 

The magnetic properties before and after mag- 
netic annealing of a Perminvar core prepared by 
powder metallurgy are given in table 1V. This table 
also shows the approximate results obtained by 
Bozorth and Dillinger’ by heat treating Perminvar 
in a magnetic field. The results are in fair agreement 
and contirm the response of this alloy to heat treat- 
ment in a magnetic field. The results also demon- 
trate that alloy netallurgy 
give results comparable to those prepared by con- 
ventional methods 

For the iron-cobalt-nickel alloys studied, the re- 
ults presented demonstrate the undesirable influ- 
ence of nickel upon the magnetic properties afte 
heat treatment in a magnetic field. Unfortunately, 
a reduction in the coercive force is obtained only 
with nickel contents which cause a considerable de- 
crease in the values of saturation and retentivity 
sharp increase in coercive force with 
appears that the 


prepared by powder 


Because of the 
low nickel concentration, it 
presence of nickel as an impurity in the cobalt 


powder may be ve ry detrimental 


Influence of Variables in the Magnetic Anneal: 
The influence of a number of variables in the mag- 


netic annealing treatment was studied to determine 


an optimum cycle 


Field Strength: Experiments to determine the in- 
fluence of field strength during cooling were con- 
ducted over a range of 1 to 20 oersteds, using a 50 
pet iron-50 pet cobalt alloy. The subsequent tests 
conducted on iron-cobalt-nickel alloy 


trength of 70-80 oersteds during cooling, did not 


using a field 
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Retentivity 


appear to alter the conclusions reached 


22 from the experimental work using lower 
field strengths. 

20 The influence of field strength on the re- 

tentivity and the coercive force after mag- 

18 netic annealing is shown in fig. 6. Also 

plotted in this figure is the influence of 

is field strength during magnetic annealing 

14 upon the ratio of retentivity to saturation 

§ in per cent. This ratio is an indication of 


netic annealing, and of the approach to a 
rectangular hysteresis loop. In these tests 
the cores were prepared from commercial 
cobalt powder, and were treated in ac- 
cordance with the standard magnetic an- 
neal cycle except that a slow cooling rate 
(3°C per min) was used to cool from the 
holding temperature of 900°C. Since sub- 
sequent experiments showed the beneficial 
effect of cooling more rapidly, particularly 
with respect to the coercive force, the 
properties shown in fig. 6 should not be 
considered optimum 


f the magnetic orientation achieved by mag- 


The rapid increase in retentivity upon 
cooling in a magnetic field as weak as 1 
oersted is striking. It is also notable that 
the retentivity as well as the coercive force 
show little change as the field strength is 


20 
3 
15 
‘ | | 
Coercive 
| | 
10 + + + + + 
O--O- -O After Magnetic Anneal 
Before Magnetic Anneal 
5 
NO 10 20 30 40 50 
Fe 50 45 40 35 30 25 
Co 50 45 40 35 30 25 


Composition in Percent 


Fig. 4—Influence of Nickel on the Magnetic Properties of 
Iron-Cobalt Alloys, Before and After Magnetic Annealing, nickel alloys using a field strength of 


pet Fe = pet Co. 
Table IV. Magnetic Properties of Perminvar Core 


After Magnetic Annealing 


Before 
Magnetic 
Properties Annealing 
Present Bozerth and 
Study Dillinger 
H 100 200 t 
Retentivit 400K 12,850 13,500° 
gausse 
‘ 
ed 
‘ write b B 
D 


Table V. Influence of Cooling Rates 


Magnetic Properties After Magnetic Anneal 


#.400 109 
2 6.900 094 
1.88 
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increased from 10 to 20 oersteds. For this 
reason, all subsequent cores, except the 
iron-cobalt-nickel alloys, were cooled in a 
magnetic field of 20 oersteds 

It is interesting to note that Kelsall’ also 
obtained excellent response to magnetic 
annealing for iron-nicke! and iron-cobalt- 


one oersted. Apparently, only low field 

strengths are required to develop sufficient 
magnetostrictive stresses for good response to mag- 
netic annealing in those alloys which do respond 


Cooling Method: The formation of a superlattice 
known to form in 50 pct iron-50 pct cobalt alloys 
under favorable conditions of cooling from above 
the a-y transformation (see fig. 3), and the possible 
influence of the superlattice formation upon the 
magnetic properties, after magnetic annealing, 
made a study of the influence of cooling rate very 
desirable 

Three approximate cooling rates were used, (1) 
3°C per min, (2) 23°C per min, and (3) 48°C per 
min, all cooling rates being determined over the 
temperature range 900 to 100°C. The influence of 
cooling rate may be seen by a comparison of mag- 
netic properties after the magnetic anneal shown in 
table V. The results shown are an average of four 
cores heat treated in accordance with the standard 
magnetic anneal procedure described, except that 
the cooling rate was varied 

The principal effect of rapid cooling in the 
presence of a magnetic field is a decrease in the 
coercive force, without an appreciable change in 
the retentivity or saturation. This effect appears 
most pronounced when the cooling rate is increased 
from 3 to 23°C per min and seems less pronounced 
and consistent when it is increased to 48°C per min 
The decrease in coercive force resulting from a 
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Table VI. Effect of Interrupting Cooling 24 
Magnetic Properties 22 
20 
Cooling Rate 3° C per min Cooling Rate 25° C per min 
Soturation (4 =100) 
Time at 900°¢ 18 
(Hrs) By per Pet H., oersteds By per B,, Pet oersteds 4) > 
1 094 84 0.84 
79.9 1.0 09 2 x 
‘ 
o 
y 4 10 
Table VIL. Influence of Magnetic Field in Cooling V 
Treatment Magnetic Properties 4 
j 
. 4 
Field Applied I 30 4 
Field A ed D \ 2 
1020° to 230° 20.9 0.97 \ 
$20 Coercive Force 
more rapid cooling rate during magnetic annealing 6» | 
$ 
ippears associated with the suppression of the § 
u = 
superlattice which may form in the 50 pct iron- 10 A a 
° After Magnetic Annea! 
50 pet cobalt alloy. Actually, it appears doubtful 2 . 
o—e—e 
whether cooling rates as high as 48 per min § § , Before Magnetic Anneol 
would produce an appreciably sordered struc- © $ 
ture. Recently Goldman and Smoluchowski have 


shown that a 50 pet iron-50 pet cobalt alloy may : 


show slight ordering even after a quench in cold 
ate! J rtunately, any explanatio ol » be- 30 25 2 
water. Unfortunately, any explanation f the be 6045 40 xs 0 
havior exhibited, based upon metallurgical effects , 
uch dispersed ph ‘ to requi id 
Fig. 5—Influence of Nickel on the Magnetic Properties 


=anen experimental work of Iron-Cobalt Alloys, Before and After Magnetic An- 
The effect of interrupting cooling to maintain a nealing, pet Fe = pet Co + 10 pet. 
constant temperature of 900 C for 1 hr in 
the presence of the magnetic field before 
further cooling with the field i¢ illustrated 14 
by the data tabulated in table VI. The . | 
holding period at 900 C causes a consistent 
though small increase in the ratio of re- : ;: 
tentivity to saturation, and a decrease in 4 é 
the coercive force. This effect appears to =f T — 
be associated with a metallurgical change is 
and may well be attributed to an increast 10 
in grain size #aused by the time of holding 
it a temperature just below the e—y trans- 0 5 0 5 0 
formation. Since these effects are bene- 
ficial, a holding period was included in the Field Strength - Oersteds 
standard magnetic anneal procedure de- 
scribed 
The important influence of the magnetic 
field in cooling through the range of tem- 
perature 900 to 230 C is illustrated by 18 186 
the fact that 50 pct iron-50 pct cobalt 
4 cores cooled from 1020°C to 900°C with = 
the magnetic field, and then to 230 C with ee mn as | * 
16 
out the field gave decidedly inferior re- 3 a 5 
a 
> 
Fig. 6—Effect of Field Strength During Mag- “© ae 
netic Anneal on Magnetic Properties of a 50 ¥3 
pet Lron-50 pet Cobalt Alloy. Commercial 
Cobalt Powder. Furnace Cool (3°C per min) le 56 
from Holding Temperature. 
5 10 5 20 
Field Strength - Oersteds 
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Fig. 7—Influence of Holding Temperature During Mag- 
netic Anneal on Magnetic Properties, 50 pet Lron-50 pet 
Cobalt Alloy. 


t I trated in table VII. The ratio of 

te t t ition consideral lowe ind 

the e force a ecial highe for the ne 
j the i ( eld from 900 C 

‘ esented table Vil a with 

those vi howed that 
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Fig. 8—Influence of Holding Time at 900°C 
During the Magnetic Anneal Upon the Magnetic 
Properties, 50 pet Lron-50 pet Cobalt Alley. 
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ected by the ores { magneto ction 
Holding Temperature: Since the experi- s 
ent cerning ¢ method showed con- 5 2090 
uv 
ent ir ement f } holdir an 
da = 
£6 
$ 080 
° 


the transformation temperature where the increased 
plasticity allows optimum orientation of the mag- 
Since plasticity increases with tem- 
of a high Curie tempera- 


domains 
perature, the importance 
ture is evident 


netic 


Holding Time: The influence of holding time at a 


temperature of 900°C while cooling with the mag- 


netic field is shown in fig. 8. The results shown 
were obtained by using the same cores for each 
holding time. Between experiments the cores were 
heated above the a-y transformation temperature, 


i.e., to 1020°C for 15 min and cooled slowly without 
the field to eliminate the effect of the previous mag- 
netic anneal 

The data of fig. 8 show that little improvement Is 
increasing the time of holding with the 
at 900 C bevond '» hr. This is the 
n the light of the good plas- 


realized by 
tield 
anticipated behavior 
ticity of the metal at higher 

Although the results indicate that a holding period 
of 30 m 
properties 


magnetic 
temperature 


in was sufficient to develop optimum mag- 
heat treated, 
subsequent work indicated that new cores magnetic- 
ally annealed for the first time did not develop opti- 
mum response until the holding time was increased 
to 1'z hr. For this reason, 1'2 hi 
holding period at 900°C the 


anneal procedure 


in cores repeatedly 


was selected as the 


for standard magnetic 


Influence of Variables in Core Preparation: The 
relative preparing numerous new alloys of 
definite composition by the powder metallurgy tech- 

this The 
without resorting 


working, o1 


ease of 
demonstrated in study 
prepare directly 
hot working and cold 
rapid study of alloy systems 


nique ts clearly 


ability to cores 
to fusion ma- 
chining allow 

The magnetic properties 
pared by the powder 
‘rreement with those pre 


istrated The 


produced in cores pre- 
metallurgy 
duced by f 


omewhat 


technique are in 
ision. This 
values 


in fig. 9 lowe! 
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4 
‘ 
4 
et neal l 
ciated with coolir n the presence of the : 
magnet field to a threshold temperature 100 . 
abo } th ht he 
. 
} perature rhe influence of a 1 hr holding 
i temperature durit the f 
oft. I76 84 
? ? \ we ‘ rye at | 
treated thy fle iin the tand- 
| ipted for 1 hr period at the temperature 


of saturation induction are probably the result of 
the lower density exhibited by the powder metal- 
lurgy alloys. In this respect, it may be noted that 
the maximum discrepancy in saturation occurs fot 
those alloys which show the greatest difference in 
density between the fused alloy and the powder 
metallurgy alloy 

Since all of the alloys studied were prepared by 
the powder metallurgy technique rather than by 


fusion, no information was available concerning 
the influence of processing variables unique to 
powder metallurgy upon the magnetic properties 


of the alloys studied. Experiments were therefore 
conducted to determine the influence of different 
ots of commercial iron and cobalt powders, mixing 
time, repressing pressure and rates of heating and 
cooling, during sintering, upon the ultimate mag- 
netic properties 

Fabrication Variables: The influence of different 
lots of commercial powder, mixing times from hand 
mixing to machine mixing for 72 hr, repressing 
pressures from (0 to 66 tons per in), and rapid vs 
slow heating and cooling rates during sintering, 
upon the ultimate magnetic properties produced, 
was found to be insignificant in the range of 
bles studied. Small changes tn magnetic properties 
caused by processing variables generally fell within 
the deviation expected for a single group of cores 
prepared in accordance with the standard pro- 
cedure finally developed. The small effect of the 
processing variables studied upon the ultimate mag- 
netic properties can be attributed to the long sinter- 
ing treatment at a temperature Just below the 
solidus for the alloys. All iron-cobalt alloys were 
sintered at 1400-1420°C for a total time of 24 hn 
Such a sintering treatment would tend to mask the 
effects of other processing variables 

Raw Material: Although experiments showed 
little variation in the magnetic properties of cores 
produced from the different lots of commercial 
cobalt powder used in this investigation, the rathe: 
large amounts of impurities present in the com- 
mercial cobalt powder used (table I) suggested the 
ossibility that cobalt powder might give 
better magnetic properties. The striking and detri- 
mental influence of small amounts of nickel 
the coercive force of iron-cobalt alloys, appeared to 
strengthen this possibility 


Varla- 


purer 


upon 


Hysteresis loops and magnetic properties are 
shown in fig. 10 for a 50 pet iron-50 pet cobalt core 


prepared from the special cobalt powder reported 
to contain 99.13 pet nickel and 0.50 pct oxygen. The 
properties shown are the optimum achieved to date 
n this study. It will be noted by comparison with 
ig. 2 showing the typical magnetic properties for 
50 pet iron-50 pct cobalt cores prepared with com- 
mercial that the retentivity afte: 
magnetic annealing is appreciably and the 
coercive force considerably lower for the core made 
with the special cobalt powder. Although the study 
to determine the influence of small amounts of 
purity in iron-cobalt alloys upon the magnetic prop- 
erties is in the initial is believed the im- 
provement shown by cores made from the special 
powder is due to less impurities 


cobalt powd 


higher, 


Im- 


stages, it 


Summary and Conclusions 


Rectangular hysteresis loops have been developed 
for binary 


alloys of iron and cobalt prepared by 
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Fusion Alioys- Kussmon, Sharnow, & Schulze 

Powder Metallurgy Alloys - Experimenta! 

Fig. 9—Comparison of Magnetic Properties for Alloys 
Prepared by Powder Metallurgy and by Fusion. 


powder metallurgy and annealed in a magnetic 
field. The pronounced influence of magnetic anneal- 
ing on the ultimate magnetic properties produced 
in a 50 pet iron-50 pet cobalt alloy are shown in 
fig. 2 and 10 

Response to magnetic annealing and the ultimate 
magnetic properties are a function of the composi- 
tion. The optimum retentivity and minimum 
ercive force after magnetic annealing occur at a 
cobalt concentration of approximately 50 pet 


co- 


The optimum magnetic properties of the 50 pet 
ron-50 pet cobalt alloy are: saturation (H 100) 
equals 22.400 gausse retentivity equals 19,000 
gausses and coercive force equals 0.68 oersteds; and 
were obtained with a specially prepared cobalt 
powder. The 50 pet iron-50 pet cobalt composition 
coincides with a high a-y transformation tempera- 


magnetostriction, and maximum 
but not with minimum 


a high linear 
magnetostriction, 


ture 
volume 
crystal anisotropy 

The addition of small amounts of nickel 
pet) to tron-cobalt alloy 


(0 to 10 
with approximately equal 


amounts of iron and cobalt, causes a striking in- 
crease in the coercive force, and a sharp decrease 
in the retentivity and saturation. Although greater 


nickel 
the coercive 
100) 


(10 to 50 pet) cause a rapid de- 
the 
the 
annealing 


the 


amounts of 


force to a low value 


and the 


after mag 


crease in 
aturation (H 
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iderably below 
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The Extrusion of 


Powdered Magnesium Alloys 


by R. S. Busk and T. E. Leontis 


The direct extrusion of magnesium-alloy powder is described, and used to pro- 
duce four new alloy types by controlled solid-state diffusion: (1) Use of steep alloy- 
gradients for control of grain size; (2) interference hardening; ‘3) control of stress- 
corrosion by cathodic protection; and (4) increase in extrudability. 


Leon was initiated several years ago at The ‘T j 
Dow Chemical Company to determine the ap- SN i 
plicability of powder metallurgy processes to mag- 


nesium and its alloys. Although it was found pos- Ram 
Ma pov 


sible to apply the normal techniques of compacting wader paca 
aon 
and sintering, it was discovered early that the tech- ® Z 
T cr: 
nique of extrusion offered special promise. This 
technique and the alloys produced were therefore ‘eu heater 
studied extensively, and the present paper is a par- = 7 = . 
tial report of those studies. It is expected that a Bak Backer 
second paper will discuss more extensively some = 
of the alloy systems simply mentioned here ma? F 
4 4 q ot ” 
Although the literature on powder metallurgy i [ , 
very extensive, there are only two articles dealing | 
€ 
with magnesium and there is no reference to the ’ L J & J { J i 


direct extrusion of the powder of any metal without 


Fig. 1—Press and die for extruding powders. 


the preliminary step of compacting. Furthermore, 


no mention has been made of the possibility of de- powder extrusion is that of extrusion of pre-sintered 
signing allovs by the technique of powder extru- compacts, for which the best review through 1944 
sion, particularly alloys that cannot be made in any is that by Kieffer and Hotop Enstun discussed a ? 


‘ 


other way. Sauerwald’ discusses the extrusion of pecialized technique of “extruding” already com- 


magnesium and aluminum powder to produce alloys pacted and sintered gears for the purpose of sizing 
containing nonequilibrium phase but again he Sauerwald" discussed the compacting and extru- 
emphasizes the importance of pre-compacting be- sion of magnesium and magnesium-aluminum alloy 
fore extrusion band-saw chi; The properties of the extruded 
There seems to be general agreement that some compacts were found to be comparable with those 
form of hot-pressing is essential to obtain in a com- of extrusions prepared from solid billets. He also Sf 
pact the full theoretical density of the metal used extruded a compacted mixture of magnesium and 
The nearest approach to the technique of direct aluminum powder and found the properties to be . 
somewhat different from those obtained on an ex- 
R. S. BUSK. Member AIME. is Director, Laboratory trusion made from a cast billet of the same com- 
Development Div... Magnesium Labs., The Dow Chem- position. The second reference dealing specifically a 
“al Co., Midland, Micl with the powder metallurgy of magnesium is Stern’ 
T. E. LEONTIS, Junior Member AIME Metallurgi- patent,’ in which is described the extrusion of scrap / 
cal Es gineer De cm cal chips and turnings following a hot-pressing and 
much of the work reported here was under the sintering step. Considerable emphasis in most of 
ce rship of the Materia Laboratory of Wr g! = these articles is placed on the necessity of atmos- 
Patterson Air Force Base. Dayton, Ohio, through Con- . . < un atm i, 
tract No. W 33-038 ac 19884 (19479 ? pheric protection to minimize the danger of oxida- 
AIME New York Meeting, Feb. 1950 tion 
TP 2763 E. Discussion (2 copies) may be sent to Experimental Procedure 
Transactions AIME before Apr. 1, 1950, and is sched- The first experiments were made with the small 
uled for publication Nov. 1950. Manuscript received extrusion pres hown in fig. 1. With this press 
Oct. 14, 1949 billets of about ' in. diam are used to produce wire ‘ 
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Fig. 2 (above)—Microstructure of A6 


alloy extruded from billet. 
Acetic-glycol etchant 


Fig. 3 (left)—Microstructure of A6 


alloy extruded from machined chips. 
Acetic-glycol etchant. 


Fig. 4 (right)—-Microstructure of as- 
atomized AZ31 alloy powder. 
Acetic picral etchant 1ooX All micrographs 
reduced one fifth in reproduction 


cent elongation, tensile vield strength (0.2 pct off- 
set), compressive yield strength (0.2 pct offset). 
and tensile strength (maximum load divided by 
original area). ASTM procedures were followed in 
all these tests 
Results 

The first experiment designed to establish the 
feasibility of powder-extrusion was made using 
machined chips. In particular, an extrusion from a 
billet and one from machined chips were compared 
directly. A 2-in. diam permanent-mold cast billet 
of Mg 6 pet Al alloy was fully homogenized by 
soaking at 800 F. A slug ‘2 in. in diam by 2 in. long 
was machined from this billet and extruded into 
0.050 in. wire, using the press shown in fig. 1. The 
chips obtained by machining the slug were then 
poured into the container and extruded into 0.050 
In. Wire, using identical extrusion conditions. The 
tructures of these two extrusions are shown in fig 
2 and 3, and the properties are 


Tensile 
Properties 
Electrical Conductivity (95°F 1000 psi 

Type Billet Reciprocal Microhm-cm Pete TYS Ts 

Solid O72: 7.0 22.5 97 

069 194 42.5 
188 


y 
; 


Container at 700°F, 5 fpm 


Alley) 


Table 1. 3 in. x '» in. Rectangle Extruded from 4 in. 


Longitudinal Transverse 


psi 1000 psi 


Type Billet 


SHT DC. Billet 14 ai 
As Cast D.C. Billet i9 25 
Atomized Powder 21 3 


The two extrusions have similar microstructure, 
grain size, conductivity, and mechanical preperties 
The twinned structure seen in fig. 3 is there because 
the piece examined had been mechanically tested 
It was on the basis of this experiment that it was 
decided that the extrusion of magnesium powder 
is feasible, and a study of the possibilities of this 
technique undertaken 

Four types of alloy behavior have been found, 
each dependent upon the powder process. It is the 
primary purpose of this paper to describe and illus- 
trate these four types 

Alloy Gradients: The compressive yield strength 
of magnesium alloys is inversely related to grain 
size. It also has been shown” that the grain size of 
magnesium-alloy extrusions is influenced by the 
alloy gradients present in the billet. That is. the 
greater the coring, and the finer the scale over 
which the coring is distributed in the billet struc- 
ture, the finer are the grains in the extrusion 

The atomizing process for manufacturing mag- 
nesium-alloy powder was, therefore, investigated to 
obtain as finely distributed coring as possible. This 
process consists of breaking a thin stream of molten 
metal into droplets with a stream of cold gas and 
quenching each droplet with the gas. The resultant 
powder consists of spherical particles having a cast 
structure finely-distributed, highly-cored 
dendrites (fig. 4). This seems to represent the ulti- 
mate in the type of structure believed to result in 
fine grain extrusions, and this type of powder was 
therefore, adopted for this study. AZ31* alloy was 


*See Appendix f explanatior f ASTM nomenclature 


atomized and extruded into 3 in. by '» in. strip: 
with this strip both longitudinal and transverse 
properties could be studied. For comparison, a sotu- 
tion-heat-treated and an as-cast direct-chill billet 
were extruded to the same shape. The properties 
are shown in table I. The compressive vield strength 
rises markedly as the degree and distribution of cor- 
ing increases. Furthermore, these data also show no 
adverse effect from the fibrous structure produced 
by extruding powder inasmuch as the properties 
are the same in both the longitudinal and transverse 
directions 

The microstructure of the atomized powder is 
shown in fig. 4 as compared with that of the as-cast 
and solution-heat-treated billets in fig. 5 and 6 
Since the light microscope emphasizes the coring 
without clearly revealing the grain size of the 
atomized powder, fig. 7 is included. This is an elec- 
tron microscope picture of as-atomized AZ31 alloy 
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Fig. 5 (above)—Microstructure of direct chill 
AZ31 alloy billet. 


As-cast condition. Acetic picral etchant. 100X 


Fig. 6 (below)—Microstructure of direct chill 
AZ31 alloy billet. 


Selution heat treated condition Acetic picral etchant 100X 


The fine grains are quite apparent. There is a sharp 
difference in the cast structure of the powder and 
that of the billet, and it is believed the difference: 
in properties given are due to this difference in 
structure 

If the finer grains and higher strengths of extru- 
sions from atomized powder as compared to those 
from billets are ascribable to the coring, a solution- 
heat-treatment of the powder would be expected 
to remove the coring and result in lower properties 
Fig. 8-9 show the effect of heat-treatment on the 
microstructure of AZ31 atomized powder, and table 
II lists the effect of such heat-treatment on the 
properties. One hour at 500 F removes only some 
of the coring, whereas after 3 hr at 850 F, the 
structure is quite homogeneous. From table II, it 
is evident that the powder can be heated as long 
as 3 hr at 600°F without lowering the extrusion- 
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should be 
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be 
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‘ 
> 
by 
42 7 with greate 
‘ thar at low 
could be 
would result 
ye ‘ bu hat a heat-treatment of 3 hr at 
p ‘ bs inal solute 
espond t nd 9 hown in 10 and 11 
pared bv ext ton ed with extru- ne p 
‘ ‘i ind one ° 
perimental 4MZ111). and the data addition of sod). ution of 
n table III. Wit extrusion conditior the Were 
pr ert or the xt t re at east wou 
equal to, and usu ich bette than those f wol 
the billet-extrusior even after extensive 


Table Ill. Comparison of As Extruded Properties of Alloys 
Extruded from Powder and from Permanent Mold Billets 


Powder 


1000 psi 


ence hardening 
Magnesium-zirconium 
and the patent literature in particu- 
All the work to date shows that 


will form which will settle out, result- 


Table IV. Effect of the Addition of Aluminum to Mg-Zr and Mg-Zr-Ce Alloys 


Billet 


1000 psi 


Pete TYsS CYS 


40 47 t 4 10 44 
36 45 15 M4 25 45 
45 “4 22 
29 a5 18 23 18 39 
18 39 16 25 15 3B 
5 37 15 25 15 $8 


ing In loss of zirconium. One of the most potent of 
these “interfering” elements is aluminum. From the 
previous discussion, it would be expected that addi- 
tion of aluminum to a magnesium-zirconium alloy 
by solid-state diffusion might result in precipita- 
tion of an insoluble compound. This precipitation 
might be expected to have a strengthening effect 
similar to that induced by age-hardening 

The results of a study of the effect of the addi- 


in. Strip Extruded 
at 650°F 


As Extraded HT hr at 75 


1000 psi 1000 psi 


Pete TYS CYS TS T¥YS CYS TS 
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Extrusion 
Conditions 
Temp. Speed 
PetE TYS CYS TS Ts 
Rod 600 5 15 19 
700 5 15 
800 5 15 35 ot 
Strip 650 5 12 29 i} 
650 15 12 25 ‘t 
650 30 1 25 
MI 
Rod 600 44 38 48 25 27 23 
700 5 11 43 i) 47 2 0 24 40 
800 5 4 28 47 14 19 an 
Strip 650 5 6 ‘4 33 43 23 16 16 3 
650 15 26 40 i9 18 35 , 
650 28 ig 40 18 18 i4 ) 
AMZIII 
Rod 600 12 41 48 {7 ‘1 
700 40 i7 46 1 20 42 
B00 12 18 4 46 11 32 16 
Strip 650 5 7 45 10 29 19 
650 20 1 42 8 29 13 38 
650 40 12 24 28 13 
Rod 600 16 44 4 7 41 41 4 
700 5 17 4) 4 ‘4 
800 1 8 48 15 39 2% 48 
Strir 650 5 0 43 10 40 40 52 
650 20 ‘ vi :7 47 8 49 
650 40 7 0 45 Hot Short 
reaction has been studied and the strengthening ; 
that ometime occu! ha been called “interfer- 
certain elements must be avoided when adding ee, 
zirconium to magnesium, or compounds insoluble 7 
in the elt 
Pet 
Misch- 
Alley Type ren 
KO 0 ; 18 18 29 5 li 18 0 
KO 12 pet Mg-Al eutectic 4 2 44 
EKOO 148 017 1 + 47 f 3 41 
EKOO pet A 2 44 41 47 41 7 
FKOO 2 pct Mg-Al eutecti 1 a2 2 4) 1B 
EKOO 049 047 7 42 $3 a4 
EKOO pet A + 45 46 
EKOO 12 pct Mg-Al eutectic 2 47 7 45 52 
0EKOO 50M1 0.17 42 4 22 25 6 
WEKOO 50M1 tpet Al 2 4 43 4 43 
EKOO 50M1 12 pet Mg-A 
WEKOO 50M1 0 48 047 45 47 4 4 29 40 
WEKOO 50M1 46 ; 45 
WEKOO 50M1 12 pct Mge-A 
eutectic 7 49 7 42 
= 
| 


302 


Fig. 8 (above)—Effect of 1 hr at 500°F on the 
structure of atomized AZ31 alloy powder. 


Acetic picral etchant. 100X 


Fig. 9 (below)—Effect of 3 hr at 850°F on the 


structure of atomized AZ31 alloy powder. 
Acetic picral etchant 1ooX Both micrographs slightly re 
duced in reproduction 


tion of aluminum to magnesium-zirconium alloys 
are given in tables IV and V. It found that 
addition of mischmetal to the magnesium-zirconium 
alloy results in a general increase in the level of 


was 


properties, and these data are also included in 
table IV. The aluminum was added by mixing the 
two powders (magnesium-zirconium alloy and 
aluminum) and extruding the mixture. The per- 
cent of addition refers to the percent of the alum- 
inum in the mixture of alloy-powder plus alum- 


inum 
The aluminum can be added in a number of forms 
including elemental aluminum, and aluminum alloy 


(e.g. 63S), Mg,.Al MnAl,, aluminum-magnesium 
(Mg 64.3 pet Al) eutectic, and magnesium- 
aluminum (Mg 32.2 pet Al) eutectic. Compound 
do not extrude, but remain as hard lumps in the 
extrusion; aluminum and aluminum alloys result 
in a poor surface due to sticking and tearing. The 


use of the magnesium-aluminum eutectic is as effec- 


tive as aluminum, but is less liable to sticking, and 
was, therefore, used more frequently 
Table IV shows that there is a marked increase 
in strength due to the presence of aluminum. Thi 
effect also persists after heating fe one hour at 
750 F. The effect of other heat-treatments is given 
in table V where it is apparent that a maximum 
combination of properties was obtained after heat- 
ing for 16 hr at 600°F. Note that the 
properties are still high after as 


long as 300 hr at 750 F. This is re- 
markable for 


a magnesium-base alloy 
l 


Table V. Effect of Heat Treatment on the Properties of a since 750°F is usually the ition- 
Mg-Zr Alloy +Al range and such long-time exposure 
diam Red Extruded at fpm at usually results marked grain 
coarsening and loss of strength 
The structure of this type of allo 
Heat Treatment 1000 pst is shown in fig. 12, 13, and 14. Fig 
12 is a micrograph of KO s pet Al 
Alloy Type Pet Zr Hours Temp. °F PetE TYS CYS TS taken at 1000X in the as-extruded 
condition The dark stringers are 
7 2 which has formed where the alumi- 
t 2 9 : ; num powder was included. There i 
41 a fine-grained laver immediately next 
4 47 + to each particle of compound. Upon 
49 
i9 1 heat-treatment, most of the con 
; +9 4 pound goes into solution and the area 
of extremely fine rains widen 
i + +i There is some slight evidence of pre 
7 cipitation at the grain boundari« 
” ; Fig. 13 is an electron-micrograpnh of 
19 ‘ 
the mixture KO 12 pet ne 
- ium-aluminum eutectic in is- 
: extruded condition and fig. 14, in the 
heat-treated condition (1 hr at 750°F) 
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Table VI. Properties of Mixtures of MI and AZ31 Alloys 


Strip Extruded at 
fpm — 60°F 
1000 psi 


Pet Pet MI 


VII. The Properties and Stress Corrosion 
Resistance of AZ61 and 50MI1/50AZ61 


Stress Corrosion ee 


Days to Pailure 


Mechanical Properties 
Extrusion Conditions ¥ wAZel 
gst psi 


Temp. °F Speed Fpm Pete CYS Ts Pet cys 


Table VU. Hot Short Limit of Co-Extrusions 
Hot Short Limit" — Fpm 


With 50 Pet 
Alley No Mixture With Pet MI AMZ 


Fig. 10 (above)—Microstructure of *. in. diam 
rod of AZ31 alloy extruded from as-atomized 
powder. 


Acetic picral etchant 


Fig. 11 (center)—Microstructure of *, in. diam rod mer 
of AZ31 alloy extruded from powder heat treated Fig. 12 (below org ny » in. diam rod 
at 850°F for 3 hr. — 


Acetic picral etchant 100X 


As-extruded condition. 10 pet HF etchant. 
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12 None { 400 None for 400 - 
i 
Strip 650 12 31 9 2 29 4 4 
‘ 
Cs 
> 


Table LX. Hlustration of Property Effects by Design 


Strip 
Extruded at (50°F 


1) psi 


Extrusion 


Heat Treatment Speed, Fpm Pet TYS CYS TS 


seen lying 
! The matrix 
14 shows the matrix 


the alumin i diffused throughout 

alloy. There } ive precipitation 

diffraction idi vere made of this sur- 

ind the precipitat! mpound identified as 
ably AlZ 

Stress-Corrosion: with most metals, 

t corrode when 

below the vield 

up to about 12,- 

eacoast atmos- 

loads up to 

isequence « nsitivity to 

n due t locked-up 

non-stre -relieved welds 


AZ31 alloy i necessary 
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to prevent stress-corrosion cracking. Ml 
alloy, however, can be welded without 
stress-relief and without danger of 
cracking 

It has been proposed” that an essen- 
tial part of the stress corrosion mechan- 
ism is a difference in solution-potential 
between two parts of the microstruc- 
ture, leading to galvanic attack. The 
stress acts to accentuate the effect and 
to widen cracks formed so as to expose 
fresh surfaces. If this basic idea is cor- 
rect, making the susceptible alloy the 
cathode should stop the stress-corrosion 
This can be done either by directly im- 
posing a current by means of a battery, 
or by galvanically connecting the metal to a more 
anodic material 

MI alloy is anodic to AZ31 alloy and is not sus- 
ceptible to stress-corrosion. It was considered pos- 
sible that extruding a mixture of Ml and AZ31 
alloy would result in a fibrous structure with the 
MI fibers protecting by galvanic current the AZ31 
fibers 

Fig. 15 shows the microstructure of an extrus 
from a powder mixture of 50 pet AZ31 50 pet 
M1 alloys. The dark stringers are M1] alloy, the lig 
stringers, AZ31. Several such mixtures were ex- 
truded into strip and tested for stress-corrosion, 
with the results as shown in fig. 16. The specimens 
were spring-loaded in simple tension and exposed 
in a rural atmosphere; for details of the test see 
Loose and Barbian 

The data clearly show that, when AZ31 is diluted 


Fig. 13 — Electron mi- 

crograph of *, in. diam 

rod of KO + 12 pet 
Mg-Al eutectic. 
As-extcuded conditi 


Methyl! tedide etchant 
18. 
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4 
Alley 
4 
As Extruded ! t 
hr 750°F 1 
0) As Extruded 12 44 
M 6 9 44 4 
l hr 750°F 17 2¢ 
. 0: ZK60.05¢ As Extruded 4 47 4 
OM! 12 pet M 6 br 350°F 46 4 
: Al Eutect hr 750°F 2 44 42 
iS In ft 13, a part of the eutect 
fi next to an area of tine-grained 
itself elativel leat F 
I 
ee 
t 
Stre ‘ veld 
b we 


with an equal quantity of Ml, the stress corrosion 
characteristics of the co-extrusion are similar to 
those of Ml alloy. The addition of 10 or 25 pct of 
MI to AZ31 has little or no effect 

The mechanical properties of various mixtures of 
MI-AZ31 alloys are given in table VI. The MI alloy 
used in these series of tests contained no calcium 
The lack of calcium accounts for the markedly 
lower strength properties and ductility than those 
given in table III where the MI contains a nominal 
0.10 pet calcium. The properties of the co-extruded 
alloys are not a linear function of composition, but, 
instead, become equal to those for AZ31 when only 
40 pct AZ31 is present. It is believed that the non- 
linear character of the relation is due to some inter- 
ference-hardening occurring between the aluminum 
of AZ31 and the manganese of Ml. This is possible 
since only a few tenths of one percent of manganese 
is soluble in the presence of 3 pet aluminum. Dif- 
fusion of aluminum into MI or of manganese into 
AZ31 results in precipitation of a manganese- 
aluminum compound 

It, therefore, is possible to raise the stress corro- 
sion limit of AZ31 alloy without sacrificing any 
strength by co-extrusion of equal quantities of Ml 
and AZ31 alloys 

There is some evidence that an alloy of the total 
composition Mg 1.5 pet Al 0.5 pet Zn + 1 pet 
Mn would not be any more sensitive to stress- 
corrosion than Ml. There could be some doubt 
whether the result reported for the 50M] 50AZ31 
mixture is due to the galvanic protection proposed 
or simply to dilution. A 50/50 mixture of Ml and 
AZ6l1 was prepared and tested with results as 
shown in table VII. Although data are not avail- 
able in this system for as long a time as with AZ31, 


Fig. 14 — Electron mi- 
crograph of *. in. diam 
rod of KO + 12 pet 
Mg-Al_ eutectic heat 
treated, 750°F (1 hr). 
Methyl! iodide etchant 
10, 
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the evidence is good that Ml is as effective in rais- 
ing the stress-corrosion limit of AZ61 as of AZ31 
The effect cannot, therefore, be ascribed to dilu- 
tion 

The tensile properties shown in the same table 
illustrate again the interference-hardening reaction 
The 50M1/50AZ61 co-extrusion is stronger than 
either of the components. The data also show that 
the properties decrease less rapidly with increasing 
extrusion speed. This has been noted often and Is 
probably due to the decreased tendency for coa- 
lescense exhibited by precipitation formed by inter- 
ference, as discussed above 

Hot Short Speed: Many of the strong magnesium- 
base alloys contain enough alloying material to 
lower the solidus to such an extent that the alloys 
cannot be extruded at reasonable speeds without 
hot-shorting. This has been a severe limitation on 
the development of high-strength magnesium al- 
loys. It has been found possible to eliminate this 
difficulty by co-extrusion with an alloy not sus- 
ceptible to hot-shorting even at high speeds. Table 
VIII lists results obtained by co-extruding a few 
hot-short alloy types with Ml and AMZ210. In 
every case there is a significant increase in the 
hot-short limit of the mixture as compared to the 
single alloy 

Summary 


The technique of the extrusion of powdered mag- 
nesium alloys has been described. The importance 
of the use of atomized powder, a new mechanism 
termed “interference hardening,” a method for 
combating stress-corrosion, and a method for in- 
creasing the hot-short speed of extrusions have 
also been discussed 

To summarize the ideas advanced in the paper, 
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Fig. 15—Mie restructure of in. rod of 50MI/ 
50AZ31 Co-extrusion. 
Acetic picral etchant 


and to illustrate what can be accomplished by com- 
bining all the principles discussed, the data In table 
IX are given. The alloy ZK60 0.5 pet Ca has 

mechanical properties, but it can be ex- 
truded at only 1 fpm. Addition of MI to this alloy 
raises the permissable extrusion-rate to fpm, but 
However, 


which can 


excellent 


the properti are ignificantly lowet 
ZK60 0.5 pet Ca contains zirconium 
be made to undergo an interference-hardening re- 
action by addition of aluminum. Therefore, 12 pet 
magnesium-aluminum eutectic was also added with 
the result hown. The permissible extrusion-speed 

increased fivefold, a better combination of prop- 
erties is obtained, and the alloy may be expected to 


be no more sensitive to stress corrosion than Ml 


Appendix 
The ASTM nomenclature system for magnesium 

alloys is de ite the principle composi- 

tion by the designation itself. The 

alloy contain first, not more than two letters to 

listed 

econd, num- 


igned to indic: 


ymbol for an 


represent the principle alloying-ingredient 
in order of decreasing total addition; 


be! representing the amount of each constituent 
assigned a letter, listed in the same order as the 
letters. If a range of composition ts specified for an 
element the mean ised; if a minimum is pecified, 
the minimum is used to determine the symbol 
Compositions at 0.5 pet are rounded according to 


ndard ASTM procedure. The 


clement 


vymbols for the 


ised for this paper are 


MI 1.2 pet Mn (minimum) 
KO 0.9 pet Al 

AZ31 pet Al lL pet Zr 0.2 pct Mn 
\Z61 6 pet Al lL pet Zn 0.2 pet Mn 
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Fig. 16—Stress corrosion of 
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Kinetics of the 


Eutectoid Transformation 


in Alloys of 


by B. N. Bose and M. F. Hawkes 


Metallographic, X ray diffraction, and microhardness studies on an alloy of 
2.35 wt pct nitrogen, balance iron are reported. This alloy is analogous to the eutec 


lron and Nitrogen 


toid iron-carbon alloy with respect to transformation to “pearlitic” and “martensitic” 
structures. Isothermal transformation at all temperatures is slower in the nitrogen 
alloy, and the nitrogen austenite is far more stable with respect to transformation 


INCE Davenport and Bain’ introduced the iso- 
thermal transformation technique for the study 
of austenite decomposition in steels, a new field of 
investigation has opened up. Extensive research has 
been carried out on many different steels, but rela- 
tively little work has been done on eutectoid trans- 
formations in systems. The re- 
searches of Smith and Lindlief, Mack, and Klier 
and Grymko’ on the beta-phase transformation in 
copper-aluminum alloys, of Hibbard, Eichelman, 
and Saunders’ and Smith on the kappa-phase 
transformation in copper-silicon alloys, of Chaudron 
and Forester’ on the decomposition of “FeO,” and 
of Wasserman on similarities between the iron- 
carbon, copper-aluminum, copper-tin, and copper- 
beryllium systems essentially comprise the field 

The iron-nitrogen system, in view of its remark- 
able similarity to the iron-carbon system, is particu- 
larly attractive for the study of eutectoid decompo- 
ition. The present investigation is concerned with 
the study of isothermal transformation, proceeding 
by the familia 
and of martensitic transformation characteristics of 
pure iron-nitrogen alloys. The kinetics of trans- 
formation and the morphology of the transforma- 
tion products have been investigated, for these must 
be the factors determining the properties and be- 
havior of the final product 


analogous alloy 


nucleation and growth processes 


The Iron-Nitrogen System 


The binary iron-nitrogen phase diagram has been 
a matter of considerable disagreement among vari- 
ous investigators. However, the phase diagram ac- 
cording to Eisenhut and Kaupp” and Lehrer’ is now 
considered essentially correct as reproduced in fig 
1. The important nitrogen and 
591 C, for the co-ordinates of the eutectoid point 
(obtained from this diagram and used in the re- 


values, 2.35 pet 


to martensite. 
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search to be described) were confirmed in a con- 
current study of Paranjpe, Cohen, Bever and Floe 
The eutectoid decomposition involves the trans- 
formation of the face-centered cubic interstitial 
solid solution of nitrogen in iron to the « body- 
centered cubic interstitial solid solution of nitrogen 
in iron and the nitride of iron. This nitride is 
essentially the compound Fe,N; it also possesses a 
face-centered cubic lattice but a considerably larger 
one than the y; the nitrogen atoms in y’ are arranged 
in an ordered way in the centers of the unit 
cubes.” A martensitic structure has also been 
reported in iron-nitrogen alloys and was studied 
in the research to be described here 


Materials and Methods 


The specimens used in this investigation were 
prepared by nitriding “pure” iron. This iron was 
supplied by the Westinghouse Research Labora- 
tories and is the product bearing their trade name 
“Puron”; it contains about 0.04 wt pct total im- 
purities, the major portion of which is oxygen 
Specimens were ribbons several inches long, a tenth 
of an inch wide, and 0.125 mm thick; this was the 
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Fig. 1—The Iron-Nitrogen phase diagram. | 
| 
Figs. 2 and 3 (right)—tIsothermal reaction fi 
curves for lron-Nitrogen eutectoid alloy. 
and 580°C": «curves are for lamellar trans 
formation product onty See text.) 30 00 
Time (SECONDS) 
‘ maximum thickness that could be nitrided to give Homogeneity of the specimens (with respect to 
i uniform nitrogen concentration throughout uniform nitrogen concentration throughout the 
pext It must be realized that in the iron-nitrogen sys- thickness) was obtained by continuing the original 
tem where one component is a gas, the equilibrium nitriding with constant NH,-H. ratio until several 
diagram (fig. 1) has significance only at a pressure weighings showed the desired value of nitrogen 
corresponding to the vapor pressure of atomic nitro- concentration and no change in that value. All 
gen in the gaseous atmosphere surrounding the later microscopic observations following isothermal 
pecimens used in the determination of the dia- transformation showed a uniform degree of trans- 
In other words, the diagram represents the formation across the thickness of each specimen 
; iron-nitrogen system in equilibrium not at atmos- in view of the pronounced effect of nitrogen con- 
; pheric pre re cor- centration on rate of transformation to be de- 
esponding t scribed later, this is additional confirmation of the 
: Likewise speci- fact that the specimens were homogeneous 
mens were treated The nitriding temperature used was 700°C; 3 to 
g in an atn of pure 4 hr at this temperature was sufficient to insure 
: i immor nust be re- homogeneity; water quenching followed the nitrid- 
. membered that the nitrogen concentration of the ing. The specimens were reheated to 700 C for 
pecimen is controlled directly not by the NH,-H austenitizing in an NH,-H, atmosphere suitable for 
itio of the gas mixture entering the furnace but maintaining the nitrogen concentration unchanged 
t the degree of dissociation of ammonia at the Austenitizing times of from 3 to 30 min were used 
‘ face of the specimen. This is in con- This difference resulted in no variation in austenite 
t 1 « ca by the NH,-H it o the grain or degiee of subsequent isothermal 
furt e, but the lue of this ratio for a giver transformation; the austenite grains were rather 
‘ nitrogen concentration in the specimen is affected iniform in size, averaging 0.06 mm in diam 
by the various arbitrary dimensions of the specimen The heat treating arrangement consisted essen- 
ind furnac tially of two electric resistance furnaces heating 
In practice the is rat varied but were always successive portions of a single silica tube through 
idjusted t e the de ed nitrogen concentration which the NH,-H. atmosphere flowed. After aus- 
the pecimen (usually 2.35 pet nitrogen’ by tenitizing in the 700°C portion of the tube, the 
weight, the eutectoid concentration). The amount specimens were quickly pushed into the othe: 
of nitroger bsorbed was measured by weighing of the tube maintained at the desired temper 
the pecimer n a semimict balance before and f transformation within 2 C. Less than 10 sec 
ifter nitridir previous to the latte veighing, the required for the specimens to cool from the 
temperature to the temperature of trans- 
nally | means of the vacuum fusion method Throughout the time of subcritical transforma- 
NH,-H. mixture was allowed to flow 
a 308—JOURNAL OF METALS, FEB 1950. TRANSACTIONS AIME, VOL. 188 
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jo000-=3s Fig. 5—iron-Nitrogen eutectoid alloy, trans- 
formed 2 hr at 580°C. 


Fig. 4—Isothermal transformation diagram for Lron-Nitrogen 


eutectoid alloy. 


through the silica tube in order to minimize loss of 
nitrogen from the specimen. Equilibrium was not 
attained, and it is probably not practical to attempt 
to attain it in view of the phase reactions occurring 
in the specimen during holding, the very high de- 
gree of ammonia dissociation necessary for equilib- 
rium with Fe,N, and the varying NH,-H, ratio re- 
quired at various temperatures of transformation 
It is sufficient to say that with the gas ratios used, 
no loss of nitrogen was observed in any specimens 
for which results are reported later. This was 
checked by weighing every specimen after trans- 
formation, (Note in fig. 2 that transformation at 
580° and 570 C could only be followed for about 
10,000 see before appreciable loss of nitrogen in the 
specimens occurred. ) 

Most of the experimental results reported here 
are based on microscopic analysis in conjunction 
with isothermal transformation experiments using 
X ray diffrac- 
tion studies were made, but these were undertaken 


the techniques described above. Some 


primarily to supplement the microscopic work by 
identifying phases and more or less qualitatively 
estimating the progress of reactions. Microhardness 
measurements have also been made to supplement 
the metallographic and X ray diffraction studies 
Except for the study of martensitic transformation, 
the isothermal transformation technique has been 
used to study both kinetics and morphology 


Kineties of Transformation and Morphology 


Isothermal reaction curves for the eutectoid iron- 
nitrogen alloy (2.35 pect nitrogen) at various sub- 
critical temperatures are presented in fig. 2 and 3 
They are similar in form to the reaction curves ob- 
tained for nucleation and growth processes in other 
systems, notably the isothermal decomposition of 
eutectoid steel. These curves have been summarized 
in the customary “T-T-T” diagram reproduced in 
fig. 4. using 1 pet and 99 pet as the criteria for the 
beginning and the end of reaction. The resulting 
curves have the familiar C-shape similar to the 
isothermal transformation diagram for eutectoid 
iron-carbon alloys. The highest temperature of re- 
studied wa 580 C. about 10 below the 


act 


ion 


eutectoid; the transformation at this temperature 
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(100 pet transformed) 1000X. Picral-nital eteh 


starts in about 30 min. It was not possible to study 
the transformation at any higher temperatures be- 
cause the rate of reaction is quite slow and there 
is a pronounced tendency for the specimen to de- 
compose wiih loss of nitrogen at these high tem- 
peratures; the loss of nitrogen was appreciable 
before any detectable eutectoid transformation oc- 
curred 

At 580°C, as also at the next lower temperature 
investigated, 570°C, the transformation resulted in 
a lamellar structure as well as irregular massive 
precipitates of ferrite and nitride (Fe.N). In esti- 
mating the amount of transformation at these tem- 
peratures, for fig. 2-4, only the lamellar structure 
has been taken into consideration. It is difficult to 
distinguish microscopically the massive transforma- 
tion product from the untransformed matrix; quan- 
titative estimation is practically impossible although 
qualitative estimation was obtained by X ray means 
It may be noted, however, that both types of struc- 
ture appear to start forming at about the same time 

The fastest rate of reaction occurs at about 400°C 
where the reaction starts in 15 sec and is completed 
in 4'2 min. At lower temperatures, the rate of re- 
action again decreases until at temperatures below 
250°C, it is so slow that the beginning of trans- 
formation cannot be detected even after 12 hr at 
150 C. No evidence for a second “knee” in the 
T-T-T curve was obtained. The martensite trans- 
formation will be discussed in a later section. 

The morphological features exhibited by the iron- 
nitrogen system are rather interesting. Just below 
the eutectoid temperature, at 580°C, a lamellar 
structure, very similar to iron-carbon pearlite is 
formed. In addition to this lamellar structure, the 
eutectoid alloy at this temperature also gives rise 
to a transformation product consisting of irregular 
masses of ferrite and nitride. These two transforma- 
tion products are shown in fig. 5. X ray diffraction 
studies also indicate that at this temperature the 
entire specimen is converted into ferrite and nitride 
(Fe,N) in 2 hr although only less than half of the 
specimen shows lamellar structure 

At 570 C, the transformation is essentially the 
same as at 580°C; the lamellar structure is again 
observed, and, as expected, it has a finer inter- 
lamellar spacing. The irregular massive precipitates 


‘ 
= 
4 ‘ 
. 


Fig. 6 (left)—Iron-Nitrogen eutectoid alloy, transformed 4 min at 550°C. 1000 X. Fig. 7 (center)— 
Iron-Nitrogen eutectoid alloy, transformed 6 min at 550°C. 1000 X. Fig. 8 (right)—Iron-Nitrogen 
eutectoid alloy, transformed 3 min at 550°C followed by 45 sec at 400°C. 1000 X. 


All specimens etched in pieral-nital solution 


till form, and the entire specimen presents a diagram. This is further suggested by hardness 
imbled” structure measurements of the products of transformation at 
At lower temperatures, such as 550°C, well de- different temperatures, as will be seen presently 
fined lamellar structure is no longer discernible, 


Rates of Nucleation and Growth 


and the formation of massive precipitates has also 

_ practically stopped. Down to this temperature, the From the foregoing discussion and from exam- 
ate of nucleation is relatively slow. Only a small ination of the structures developed at various re- 
number of nucle: form, effectively at random, and action temperatures, the following qualitative state- 
grow to large size, showing the group nodule type ments may be made. The rate of nucleation is quite 
of transformation as discussed by Hull and Mehl, slow at temperatures immediately below the eu- 
_f in the case of iron-carbon alloys. Fig. 6 and 7 show tectoid and increases rapidly as the transformation 
tages in the progre of transformation at 550°C." temperature is lowered. The rate of growth also in- 
F od v 6-11. Th? Leht creases somewhat with decrease in reaction tem- 
> perature but not nearly so rapidly as the rate of 
‘ it nucleation. The ratio of the rates of nucleation and 
growth thus increases rapidly with decreasing tem- 
That nucleation starts essentially at the grain perature. These relationships cause the formation 
boundaries, is revealed in fig. 8, which shows partial of group nodules at higher transformation tempera- 
transformation at 550 C followed by a small amount tures and pronounced grain boundary transforma- 

of transformation at 400 C to bring out the austenite tion at reli tively lower temperatures 


in boundart Actual measurement of the rates is extremely 
As the reaction temperature is lowered further difficult in view of the fact that at the highest trans- 
to 500 C, nucieation starts rapidly at and forms an formation temperatures studied, the nucleation and 
envelope around the grain boundaries. Growth then growth of the normal eutectoid product is interfered 
occul adially towards the center. The progress of with by the simultaneous formation of irregulat 
transformation at 500 C is depicted in fig. 9 and 10 massive precipitates, whereas at somewhat lower 
rhe behavior thus continues to be strikingly simila: temperatures, the transformation product has pro- 
to the 1 phological characteristics of iron-carbon nounced tendency to form in chains along grain 
‘ illov tudied in detail by Hull and Mehl As the boundaries. There is also the difficulty of dis- 
i eaction temperature is further lowered to 400°C tinguishing very small nuclei from inclusions and 
the structure continues to be essentially the same other imperfections. Owing to these difficulties, no 
though becoming progressively finer and less re- attempt was made to measure accurately the rate 
Ivable ler the mic cope of nucleation 

oe As the reaction temperature is further lowered The rate of growth, however, has been measured 
below 400 °C. that below the knee of the iso- at two temperatures, 580 and 550 C. using the 

thermal transformation diagran i distinct change technique developed by Hull, Colton, and Mehl 
in the microstructure of the products is observed rhis consists in examining partially reacted speci- 
, een it ll; the structure become lighter men in which nodule impingement has not 
ot etchir nd complete nresolvable. Although the occurred, and plotting maximum nodule radius 
transformation does not show an tructural simi- against time of transformation. When rate of growth 
fi larities to bainite, it seems highly probable that in is constant, as it usually is, the plot gives a straight 

i the tron-nitrogen svstem a m the on-carbor VS- line, the slope of which is the rate of growth 

" tem, a fundamental change in the mechanism of At 580 C, the maximum nodule radius has been 
¢ transformation occu it the knee of the othermal plotted as indicated above, ignoring the interfer- 
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Fig. 9 (left)—Iron-Nitrogen eutectoid alloy, transformed 1 min 45 see at 500°C. 1000 X. Fig. 10 
(center)—Iron-Nitrogen eutectoid alloy, transformed 3 min 30 see at 500°C. 1000 X. Fig. 11 (right)— 


Iron-Nitrogen eutectoid alloy, transformed 1 min 30 see at 350°C. 1000 X. 


All specimens etched in picral-nital solution 
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Fig. 12 (left above)—Growth curve; 580°C. 


Fig. 13 Cleft below)—Growth curve; 550°C. 


Fig. 14 (above)—Microhardness of the products 
of isothermal transformation of eutectoid Lron- 
Nitrogen alloy at various temperatures. 
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ence due to the blocky 
shown in fig. 12. It will be 


210 
SECONDS 


165 


50 


precipitates. The result is 
noticed that although 
there is a straight portion to begin with, the curve 


flattens out with time indicating hindrance in 
growth, presumably due to the massive precipitate 
The initial rate of growth is found to be 4.2x10 
mm per sec. At 550°C, the reaction is relatively free 
from the massive precipitation observed at highe: 


temperatures, and also from the pronounced grain 


boundary precipitation occurring at lower tempera- 
tures. The maximum nodule size 


plotted against 
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traight line (fig. 13), 
found to be 8.7x10°> mm 


time gives more nearly a 
and the rate of growth i 


_— X ray Diffraction Studies 
Powder! were taken with 
transformed at various 
lengths of time. Cobalt K 
was used. The observed lattice 


photogram pecimens 
temperatures for variou 

radiation with iron filter 
parameter of the 


phases are as follow 
3637 A 
(Fe.N) a 3.786 A 
« (ferrite) a 2.863 A 
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Fig. 15—Hardness of the products of 

isothermal transformation of eutectoid 

Iron-Carbon alloy at various tempera- 
tures. Davenport and Bain. 
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Fig. (left)—Martensite in eutectoid Lron-Nitrogen alloy, as quenched in liquid Nitrogen. 750 X. 
Fig. (center)—Martensite in eutectoid Iron-Nitrogen alloy, quenched in liquid Nitrogen then 
tempered 30 min at 225°C. 750 X. Fig. 18 (right)—Same as fig. 17. 2000 X. 
The light etching matrix phase in all three micrographs is retained gamma All specimens etched in picral-nital solution 
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Fig. 19—Martensite transformation in eu 
tectvid lron-Nitrogen alloy as a function | 
of quenching temperature. ‘ | 
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Fig. 20—Microhardness of Iron-Nitrogen alloys quenched to various 
temperatures. 
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Fig. 21—Isothermal transformation diagram (50 pet 
transformation) for lron-Nitrogen ailoys: 


eutectoid (2.35 pet N). hype-eutectoid (1.85 pet N), and hyper 
eutectoid (2.55 pet N) 


TEMPERATURE (°C) 


Time (SECONDS) 


Fig. 22 (left) —Hypo-eutectoid Iron-Nitrogen alloy (1.85 pet N) transformed 100 sec at 500°C. 1000 X. 
Fig. 23 (center) —Hyper-eutectoid LIron-Nitrogen alloy (2.55 pet N) transformed 100 see at 500°C. 


1000 X. Fig. 24 (right) —Eutectoid Iron-Nitrogen alloy (2.35 pet N) transformed 100 see at 500° C, 1000 X. 


All specimens etched in picral-nital solution 


Fig. 25 (left)—Iron-Nitrogen 
alloy with progressively de- 
creasing nitrogen concentra- 
tion from 2.6 pet N, corre- 
sponding to the top of the 
micrograph, quenched to 60°C, 
then tempered 30 min at 
225°C. 750 X. 


Picral-nital etch 


Fig. 26 (right)—Iron-Nitrogen 
alloy with progressively de- 
creasing nitrogen concentra- 
tion from 2.6 pet N, corre- 
sponding to the top of the 
micrograph, quenched’ to 
—20°C, then tempered 30 
min at 225°C. 750 X. 


Picral-nital etch 


A specimen transformed for 2 hr at 580°C is parameter appears to retain constancy, indicating 


found to consist entirely of ferrite and nitride that the gamma phase does not change in composi- 
(Fe.N), although only less than half of the product tion during the progress of the transformation 

appears lamellar in structure, the rest consisting of 3oth above and below the knee of the reaction 
irregular massive precipitates mentioned earlier. As curve, the transformation consists of ferrite and 


the transformation progresses, the gamma lattice nitride (Fe,.N) as shown by X ray diffraction, so 
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that crystallographically, the products of trans- 


formation above and below the knee are identical 


n spite of their microstructural difference 
Microhardness Measurements 


Microhardness measurements were made by 
a load of 500 ge for 


ansformed gamma, 


means of a Tukon Tester, u 


most of the experiments 
much of which retained on quenching to room 
ature, has a Knoop hardnes of 290 


hardne increase on transformation into ferrite 


umably due to the disper sed 


The hardne of the completely transformed 
product at various temperatures is shown In fig 14 
It will be noticed that the trend is the same as 
would be expected from the microstructures; that 
is, as the transformation temperature decreases, the 
tructure becomes finer and the hardness increases 


Also, with decrease in transformation temperature, 
the product become more brittle For the sake of 
comparisor the change of hardness with the iso- 


thermal transformation temperature for an eu- 
tecto on carbon alloy, as obtained by Davenport 
and Bain reproduced in f 15. The similarities 
between f 14 15 are quite obvious; in both 
cases, there is increase in hardne with decrease In 
transformation temperature. There is, however, one 

nificant difference between the two curves. In 


the case of the iron-nitrogen alloy, the hardness 
\ Ws a Maximum slope at a temperature of 
ibout 400 C which corresponds to the knee of the 


tne mal t am Ir the Case of 
tne n-carbor illoy also, the hardne curve 
hows a marked change in slope at the temperature 
of the knee ibout 550 C: but in this case, the slope 
it tl temperature at a minimum, and for a cer- 
tain temperature range, there is hardly any change 
n hardne is the transformation temperature ls 


decreased. However, the changes in slope of the 


hardne curves at the temperature of the knee 
the } n the opposite direction wu the two svstems 
mav both indicate fundamental change in the 
mode of transformation in this temperature range 


Martensite Transformation in the 


Iron-Nitrogen System 


I ter i crostructure imilar to 
that f t i} cooled iron-nitrogen 
Fisenhut nd Kaup} observed that tron- 
nit ‘ nched from. the imma phase 
‘ tained t centered tetragonal structure 
These t} nd the a itio of the bodv- 
centered tet ! n-nitrogen martensite to be 
1.06 f 0 t nit t i stated that the axial 
In the course of the present nvestigation, the 
hy ‘ nad et n ¢ tha cor med and 
nit er er er ed to ‘ tempera- 
ture rT ‘ marte t transformation and 
t luce the tructure howr 16 in the as- 
yuenched state and 17 after quenchit ind tem- 
at 22 mi F 18 hows the 
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tempered martensite at a higher magnification. It 
will be noticed that the martensite in this alloy 
forms as well-defined plates with prominent mid- 
ribs very similar to the structure observed in high 
carbon steels. Also, as in steel, the iron-nitrogen 
martensite etches dark as a result of tempering 
This permits the use of the technique developed by 
Greninger and Troiano” for metallographic study 
of the progress of martensite transformation The 
amount of martensite formed as a function of 
quenching temperature is shown in fig. 19. The 


ibie scatter and are presented 


* The esults show « te 

form of a band in fig. 19 
M, temperature for the eutectoid alloy 1s found to 
be 35°C. It will be noticed that the form of the 
curve in fig. 19 is typical of the martensite trans- 
formation curves in steel or in other systems. The 
amount of martensite at first increases with de- 
crease in the quenching temperature, but the trans- 
formation apparently stops at a temperature of 
about —70°C and no additional martensite is formed 
even on quenching to the temperature of liquid 
nitrogen, although a considerable amount of aus- 
tenite is still retained untransformed. The iron- 
nitrogen system thus presents an extreme Case of 
the phenomenon of stabilization and retention of 
austenite. In accordance with Cohen’s theory,” it 
would appear that in this system, the supply of 
available nuclei which may transform into mar- 
tensite is very limited, so that the loss of those con- 
sumed during the progress of the transformation 
eriously affects further reaction. In other words, it 
mav be considered as a case of pronounced self- 
stabilization 

X ray diffraction studies were undertaken to de- 
termine the structure of quenched specimens. The 
eutectoid alloy quenched to room temperature con- 
sisted almost entirely of the face-centered cubic 
gamma phase; the eutectoid alloy quenched to 

80°C showed the body-centered tetragonal mar- 
tensitic structure, together with a considerable 
amount of the untransformed gamma. The axial 
ratio for the body-centered tetragonal martensite 
in this alloy was found to be 1.09, the c and a axes 
being respectively 3.100 A° and 2.844 A’. The gamma 
phase had a 3.637 A’. An hypo-eutectoid alloy 
(1.85 pet nitrogen) showed much weaker lines of 
the gamma phase indicating that the amount of 
retained austenite was less, although an appreciable 
amount still existed. The axial ratio for this alloy 
was found to be 1.07 with the c and a axes respec- 
tively 3.045 A° and 2.846 A’. The gamma in this 
case had a 3.616. The transformations in hypo- 
eutectoid alloys are further discussed in the follow- 
ing section. For the X ray diffraction work reported 
here, the experimental set up was the same as 
ported earlier in connection with the studies on 
isothermal transformation. The semi-circumference 
of the film was 17.87 em. Cobalt K alpha radiation 
and an iron filter were used 

Microhardness measurements were made on the 
quenched specimens. The duplex structure obtained 
on quenching in liquid nitrogen showed a Knoop 
hardness number of approximately 640. The hard- 


ness number for a specimen quenched to room 


temperature and consisting essentially of untrans- 
formed gamma was 290. Hardness measurements 


188 


*For the relat hip between Knoop hardn« und Rockwel 
ie hardne ee ref. 15 and 16 
4 


were made on a series of specimens quenched to 
various subzero temperatures and then brought back 
to room temperature. The results are shown in fig 
20. It will be noticed that although there is con- 
siderable scatter in the measured values on account 
of duplex structure, the curve shows the true trend 
of the variation of hardness with quenching tem- 
perature. The hardness of the quenched specimens 
showed a small increase on tempering at 225°C 
This may be due to isothermal transformation of 
gamma into ferrite and nitride (Fe.N) occurring 
during tempering. 


Transformations in Hypo- and Hyper-Eutectoid 
Iron-Nitrogen Alloys 


The isothermal transformation of two alloys with 
2.55 pet and 1.85 pct nitrogen respectively were 
studied at three different temperatures, namely, 
500°, 400°, and 300°C. The time for 50 pct trans- 
formation of these alloys, together with the same 
for the eutectoicd alloy, is shown in fig. 21 
The curves show the familiar C shape; the hypo- 
eutectoid alloy shows a much faster reaction rate, 
while the hyper-eutectoid alloy also shows a some- 
what faster rate as compared with the eutectoid 
alloy. The transformation products obtained with 
the three alloys for the same length of time at 500°C 
are shown in fig. 22-24 

No pro-eutectoid constituents were 
either in the hypo or in the hyper-eutectoid alloys 
at the temperatures studied; the “pearlite inter- 
ruption” 
that no pro-eutectoid rejection is discernible 

An alloy with 2.55 pet nitrogen did not show any 
measurable difference from the eutectoid alloy with 
2.35 pet nitrogen as regards the M, point and the 
transformation, probably be- 
cause the compositions are not far removed from 
each other. With a hypo-eutectoid alloy containing 
1.85 pct nitrogen, metallographic study was found 
to be difficult. The quenched and tempered speci- 
mens did not show well defined martensite plates 
as in the case of the eutectoid alloy. The difficulty 
was probably enhanced due to relatively rapid 
isothermal transformation of the untransformed 
gamma into ferrite and nitride during tempering 
The microstructures shown in fig. 25 and fig. 26 are, 
however, instructive. The specimens concerned had 
a gradient of nitrogen concentration, the maximum 
at the top of the figures was about 2.6 pct with pro- 
gressively decreasing nitrogen content until at the 
bottom there was practically pure iron. The speci- 
men in fig. 25 was quenched to 60°C then tempered 
at 225 C and finally quenched to room temperature 
The one in fig. 26 was quenched to 20°C, then 
tempered at 225°C and cooled back to room tem- 
perature. From both figures, it is quite obvious that 
the M. point is raised and the martensite trans- 
formation progresses further as the concentration 
of nitrogen is decreased. The same effect is con- 
firmed by the X ray diffraction studies mentioned 
It was pointed out that an alloy of 1.85 pct 
80°C shows much weaker 
lines of retained gamma than the eutectoid alloy 
However, even in the hypo-eutectoid alloy an ap- 
preciable amount of gamma remains untransformed 
The effect of nitrogen concentration on the mar- 
tensite transformation in iron-nitrogen alloys thus 


observed 


apparently sets in at an early stage, so 


course of martensite 


earlier 


nitrogen quenched to 


appears to be similar to that of carbon and other 
alloying elements in steel with the exception of 
cobalt and aluminum. 

It has also been pointed out that the axial ratio 
of martensite in the 1.85 pct nitrogen alloy has been 
found to be 1.07; the axial ratio for the eutectoid 
alloy was found to be 1.09. There are not enough 
data available to show the effect of nitrogen con- 
tent over an appreciable range on the lattice para- 
meters of martensite. However, Eisenhut and Kaupp’ 
found the axial ratio for an alloy of 0.8 pct nitrogen 
to be 1.06. Recently, Jack” has reported the axial 
ratio to be 1.08 for an alloy containing 2.19 pct 
nitrogen. The results of the present investigation, 
together with those of Eisenhut and Kaupp and of 
Jack, are presented in fig. 27. It is seen that the 
effect of nitrogen concentration on the axial ratio 
of martensite is quite similar to that of carbon in 
iron-carbon alloys. This, however, is not surpris- 
ing for the martensite in both systems consists of 
an interstitial solid solution 

Microhardness measurements were also made on 
a series of specimens of the 1.85 pct alloy. The re- 
sults are shown in fig. 20. It is seen that the hard- 
ness of the specimen quenched to liquid nitrogen 
is somewhat higher than that of the corresponding 
specimen of eutectoid composition, presumably due 
to a higher martensite content in the hypo-eutectoid 
alloy. A rough measure of the M. temperature fo 
the hypo-eutectoid alloy can be obtained by extra- 
polating the hardness curve to the value corre- 
sponding to untransformed gamma, which, in the 
case of the eutectoid alloy, was found to be 290 
Knoop. The M. temperature for 1.85 pet nitrogen 
is thus found to be approximately 85 C 


Summary and Conclusions 


The transformations in iron-nitrogen alloys have 
been found to be very similar to those of iron- 
carbon austenite. The time temperature transfor- 
mation diagram for the eutectoid iron-nitrogen 
alloy has a simple C shape as does that of the iron- 
carbon eutectoid alloy. Isothermal transformation 
at temperatures very close to the eutectoid pro- 
duces a lamellar pearlitic structure. Along with the 
lamellar product, transformation to trregular mas- 
sive precipitates of ferrite and nitride occurs simul- 
taneously. At somewhat temperatures, the 
massive precipitates are no longer observed, and 
the structure becomes finer and less resolvable 
under the microscope. Group nodule transforma- 
tion is observed at higher temperatures and is 
gradually replaced by predominantly grain boun- 
dary transformation as the temperature is lowered 
At the knee of the T-T-T curve, the microstructures 
show a distinct change: this, together with the 
marked change in the slope of the hardness versus 
temperature curve, strongly suggests a fundamental 
difference in the mechanism of transformation above 
and below the knee as in the case of iron-carbon 
alloys 


lower 


Accurate determination of the rates of nucleation 
and growth is difficult in this system. It is observed, 
however, that both rates increase with decreasing 
temperature, the rate of nucleation at a much faster 
pace than the rate of growth. The ratio of rate of 
nucleation to rate of growth thus increases with 
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Fig. 27—Variation of lattice constants of 
Iron-Nitrogen 


martensite 
concentration. 
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the Effect of Carbon 


on the Activity of Sulphur in Liquid Iron 


by J. P. Morris and R. C. Buehl 


A study has been made of the equilibrium conditions in the reaction between 
hydrogen gas and dilute solutions of sulphur in liquid iron-carbon alloys. The equa- 
tion for the reaction may be written as follows: 

S (in liquid Fe-C alloy! + H ‘gas! = HS (gas). 

The carbon content of the metal has a decided influence on the equilibrium 
conditions. At constant temperature and constant HS concentration in the gas 
phase, the sulphur content of the metal at equilibrium decreased as the carbon 
content was increased. At 1600°C and with 2.3 pct carbon in the metal, the activity 
coefficient of sulphur was twice that for sulphur dissolved in pure iron; and at carbon 
saturation it was more than six times as great. 

The effect of temperature on the reaction is smali. At 4.35 pct carbon, the rela- 
tion between the equilibrium constant and temperature may be expressed as follows: 


CTIVITY values for sulphur dissolved in liquid 
iron and slags as functions of composition and 
temperature are needed in applying thermodynamics 
to sulphur-control problems in iron- and _steel- 
making. The purpose of this investigation was to 
determine the effect of carbon on the activity of 
sulphur in the metal phase. The method employed 
was the same as that used in an earlier investiga- 
tion’ concerning the effect of silicon on sulphur 
activity in liquid iron. A study was 
conditions of equilibrium in the reaction between 


made of the 


hydrogen gas and sulphur dissolved in iron-carbon 

alloys. The chemical equation for this reaction can 

be written as follows 

S (in liquid Fe-C alloy) H HS (gas) 
It was found that the activity coefficient of sul- 

phur in liquid iron increases as the carbon content 

increases, At 2.3 pet carbon and 1600 C, the activity 


(gas) 
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value in carbon- 
more than 


coefficient of sulphur is twice its 
free iron, and at carbon saturation it is 
six times as great. The effect of temperature on 
sulphur activity was found to be small 

Previous work on the reaction between hydrogen 
gas and sulphur dissolved in liquid iron has been 
reported by several investigators * but only re- 
cently have studies been made of the effect of alloy- 
known to have a pronounced 
sulphur in iron, its effect 


ing elements. Silicon’ is 
influence on the activity of 
being similar to that shown by carbon as described 
in the present report. Kitchener, Bockris, and Liber- 
man recently have published a preliminary report 
of their work on the effect of carbon on sulphur 
activity in iron. Their experiments were made at 
1570 C and carbon saturation in the melt. Under 
these found that the activity co- 
efficient of sulphur was approximately doubled by 
the presence of carbon. This is a much smaller effect 
than that found in the present work 


conditions they 


Experimental Method: The apparatus pro- 
cedure were essentially the same as those used in 
the earlier investigation of the effect of 
sulphur activity Briefly, the method was as fol- 


low A molten iron-carbon alloy wa t 


ilicon on 


brought to 
equilibrium at constant temperature with a mixture 
of H. and HS of constant composition by bubbling 
the gas through the metal. Samples of the melt were 
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Fig. 1—Furnace arrangement. 
\—gas bubbling tube h—crucible and melt. ¢ spiral graphite 
heating element —water-cooled cepper centact clamp 
water-cooled electrical leads '—raphite support fer crucible 
(insulating jacket (graphite filled with lamp black). H-—insulat 
ing brick }—cooling coil fer steel shell K—pusher device tor 
adding graphite pellets te melt 

periodically during the test 
umed to hav been attained 
content of the liquid metal 
it value. Thermal diffusion in the 
is climinated by conducting the gas 

directly into the metal through a 


at 


lina tube 
the melt i At 
ed. The arrangement within 
1. Temperature control 
of the high heat loss to 
on to the los 


em-type carbon- 


rnace reached a 


ant mperature 


asurements 
lament-type opti- 
readin were 

at the point 


rrection 


was 


made of high-purity alumina sintered to a dense, 
translucent structure and was impervious to gas 
It was 24 in. long and 0.33 in. od, and had a 0.10-in 
bore. Alumina tubes were used for bubbling in all 
experiments except E-93. In this test. run at 1800°C, 
a graphite tube was used because of excessive re- 
duction of aluminum into the melt at this tempera- 
ture 

Crucibles were of two types: graphite crucibles 
for melts to be saturated with carbon, and sintered- 
alumina crucibles for melts of lowe: carbon content 
Both were made of high-purity im.aterials. The 
crucibles were 1.75 in. od, 1.50 in. id, and 2.50 in 
high 

The gas mixtures were prepared as used by in- 
troducing a stream of hydrogen sulphide into a jet 
of hydrogen in a special mixing bulb.’ Each gas was 
metered separately before mixing, using capillary- 
type flowmeters with butyl phthalate manometers 
The rate of hydrogen flow was approximately 1050 
ml per min in each test. The flow was controlled by 
means of a pressure regulator on the cylinder and 
a manually operated needle valve mounted beside 
the flowmeter. Precise control of the hydrogen sul- 
phide flow was more difficult than that of the hydro- 
gen because of the very small rate, but was accom- 
plished satisfactorily by means of a needle valve 
supplied by a cylinder filled with hydrogen sulphide 
to a pressure of 5 to 15 Ib. The two flowmeters were 
used only to keep the rates of flow constant, the 
actual ratio of H.S to H. being determined in each 
experiment by analysis 

In carrying out an experiment a charge of 50 to 
70 g of electrolytic iron and enough high-purity 
graphite to give the desired carbon content were 
melted and brought to the operating temperature 
with the hydrogen flowing. When using a graphite 
crucible, electrolytic iron saturated with carbon 
was used for the charge to prevent excessive attack 
on the crucible. Next, the HS flow was started: the 
tip of the gas-bubbling tube was immersed in the 
liquid metal and enough FeS was added to the melt 
to bring the sulphur content near to the expected 
equilibrium value. The latter step was necessary in 
most experiments to shorten the time needed for 
attaining equilibrium. An experiment usually lasted 
6 to 7 hr, equilibrium being attained in the first 3 
hr in most tests. Samples of the liquid metal for 
analysis were taken at intervals of about 1 hr 

Metal samples were obtained by applying suc- 
tion to a refractory tube or steel tube dipped mo- 
mentarily into the melt. Four-hole refractory 
thermocouple tubing has been very satisfactory fo 
this purpose. In practice, a 3-in. length of the re- 
fractory tube was cemented to a 2-ft length of steel 
tubing. With melts, steel 
tubes were ed successfully. These tubes were 


high-carbon sampling 


made | ! g one or more holes lengthwise 
length of 
: x in. in diam at the lowe: 

id and tapered to facilitate removal of the sample 
To prevent sticking, the tubes were given a light 


s-in.-diam steel rod 


wash with fine alumina powder suspended in alcohol 


Loss of Carbon: ments run in alumina 


In exper 


crucibles, carbon in the melt reacted with the cruci- 


ble, causing a drop in carbon content and contam- 


ination aluminum. An attempt to 
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H2S + Ho K 
= 
Tp 
|P 
| 
“HW 
= 14” 
J 
ges nati bore al 
For makings 
esistor furnac 
the furnace 1 
was manual; | 
the cook 
through the refractories, the 
teady tate ipidly and a 
could be nuintained easilv by oc | t- 
we te ment of a heostat. Temperatu 
Pie) were made with a disappearing-f 
cal pvrometet Cor tent 
me obtained by hting on the bubble 
of immersion in the metal. The emissivity co_, 
ig was determined by makin multaneous measure- 
“ ment with the optical pyrometer and with a 
F mersed in the metal and protected by a sintered a 
alumina sheath. Temperature measurements are be- ee 
lieved to be accurate within + 10°C 


offset the loss of carbon by adding a small amount 


of methane to the gaS mixture was unsuccessful 
because the methane attacked the bubble tube, 


causing it to disintegrate. 

The problem of loss of carbon was solved by add- 
ing graphite to the melt at short, regular intervals 
The additions were made without opening the fur- 
nace by using the device shown at K in fig. 1. The 
horizontal tube was charged with a weighed quan- 
tity of graphite pellets of uniform size, and one o! 
more of these were pushed at intervals into the 
vertical tube leading into the crucible. The rate of 
addition needed was determined by experiment, the 
of carbon being the higher the tem- 
perature and the higher the carbon content of the 
melt. By this procedure, the carbon content of the 
melt could be maintained constant within 0.10 pct 
carbon for the duration of an experiment 

The extent of aluminum contamination in the 
melts is shown in table I. When a graphite crucibl 
was used, the aluminum pickup resulted from re- 
action with the bubble tube and sampling tubes 
Contamination of the melts by silicon ranged from 
0.01 to 0.09 pet 


loss greater 


Methods of Analysis: Metal samples were ana- 
lyzed for sulphur and carbon by standard gravi- 
metric procedures. Whenever possible, an entire 


sample from one hole of a sampling tube was used 
for an analysis to eliminate errors due to segrega- 
tion 

Gas samples were taken in a cylindrical bulb of 
1,839 ml capacity placed in the gas line between the 
mixing unit and the furnace. The analysis was made 
by displacing the gas the bulb with nitrogen 
the hydrogen sulphide in ammoniacal 
hydrogen peroxide, and precipitating the sulphur as 
barium sulphate 


In 
absorbing 


Gas compositions are expressed as the ratio of the 
partial pressure of H.S to the partial pressure of H 
At high temperatures, this ratio very nearly equals 
the molar ratio. A correction has been made for the 
dissociation of HS into H., S. (gas). and S (gas) 
No correction was made, however, for the reaction 
between the gas mix- 
and 


ture carbon in 
the melt to form 
gases such as CH... 
C.H., and CS 
Calculation how Test Ne. Crucible « r 
that the formation of 
CH, and C.H. would ALO 600 
have a_ negligible E-50 
E-52 ALO 1601 7.1 
effect on the HS H E-5é ALO Hon I 
ratio in the gas mix- 
E-6 1600 7.2 
ture The effect of E-62 ALO 1600 41 
cs formation is - 160 
E-7 
small at the tem- E-76 pt 604 72 
E-77 ALO 7.0 
peratures and HS 4.7 
concentrations used 
E-¢ ALO 4 
in most of the experi- E-70 ALO 4 7.6 
ments. The majority ‘ 
of the tests were run E- A1O 1210 7.0 
at 1600 C or below E-9 grapt 1200 
and at an HS H E-9 pt 00 ‘ 
atio in the neigh- 


0.00255 


borhood of 


At this gas composition and with a melt saturated 
with carbon, the formation of CS, at 1600°C would 
lower the H.S : H, ratio by about 3 pet, assuming 
that equilibrium in regard to CS, were attained 
This represents the maximum error fo! this tem- 
perature and gas composition, since, at a lower con- 
centration of carbon in the metal, less CS, would be 
formed. For the same HLS : H, ratio, the maximum 
errors at 1200°, 1400°, and 1800°C are, respectively, 
0.2, 1, and 8 pet. Data used in these calculations 
were from Basic Open Hearth Steel-making” and 
K. K. Kelley.’ To calculate the extent of CS, forma- 
tion for the melts not saturated with carbon, it 
would be necessary to know the activity coefficient 
of carbon at each concentration and temperature 
involved. 
Experimental Results 
The experimental data are given in table I. Experi- 


ments were run at 1200°, 1415°, 1600°, and 1800°C 
and at HS : H. ratios ranging from 0.00242 to 


0.00752. In column 6 the carbon contents shown are 
the actual values obtained by analysis. The values 
for metal saturated with carbon agree closely with 
published data on the solubility of carbon in iron 

The extent of aluminum contamination in the 
melts is shown in column 7. At 1200° and 1415°C, 
the aluminum pickup was small. This is in agree- 
ment with the observation that the rate of carbon 
loss was much less at these temperatures than at 
1600 C. An experiment run at 1600°C with 2 pet 
aluminum in the melt, but no carbon, indicated that 
aluminum affects the activity of sulphur in iron in 
the same direction as carbon but to a much smalle! 
degree. It is likely, therefore, that the equilibrium 
sulphur values obtained were somewhat too low in 
those tests in which the aluminum contents were 
high. Thus, in test E-63 with 2.33 pet aluminum In 
the metal, the sulphur content at equilibrium was 
12 pet than in test E-73, which was run 
the same carbon content but with only 0.30 
aluminum in the metal. Test E-63, however, was the 
only experiment run at such a high aluminum con- 
tent, and the effect of aluminum contamination In 
the other tests should be much smallet 


lowe! at 


pet 


Table I. Experimental Results 
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us Initial sulphur at 
alo Carbon Aluminum sulphur equilibriam, 
u pet pet pet pet 
70 0.75 059 
> 75 o4ag 0.50 042 
0.95 097 
2 82 0 62 0.35 04) 
0.98 0.42 0 60 0.73 
1.97 0.76 0.48 155 
84 0.28 0.29 
5.24 saturated* 2 6.20 014 
t ted 0.30 0.00 0.16 
2.20 0.95 1.10 
0.01 017 190 215 
saturated 0.37 0.00 031 
2 4.02 o4 0.57 
7.52 at sted 40 0.25 
4.17 ole 029 
2.07 042 064 
4 turated 00 0.10 021 
265 4.10 0.20 0.32 
2.45 4 t ted 0.02 O14 0.27 
251 90 urated 0.22 000 f 
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is shown in fig 


melt was the same, regardless 
of the direction of approach 

In a number of the experi- 
ments, the initial and final sul- 
phur concentrations were far 
enough apart to permit study of 
the reaction rates. Analysis of 
the data indicated that the rate 
of reaction was very rapid, and 
that virtually all of the HS 
available reacted with the melt; 
that is, at any given time the 
H.S concentration of the out- 
going gas was very near to 
equilibrium with the metal. 
Therefore, the rate of change of 
percent sulphur in a melt at 
any time depended only on the 
rate of HLS input, weight of the 
melt, and distance to final 
equilibrium 

The experimental results are 
shown graphically in fig. 2 as a 
plot of the percentage of sul- 
phur in the metal at equili- 
brium versus the carbon con- 
tent for composli- 
tions and temperatures. For the 
purpose of plotting, the results 
of tests run at HS H. ratios 
0.00242 and 0.00267 
have been recalculated to a 
basis of 0.00255 by assuming a 
linear relationship between H.S 
concentration in the gas and 
sulphur content of the melt 
Also, the results of test E-74 
have been extrapolated to the 
higher gas ratio used in tests 
E-75, E-76 and E-77 

The curves in fig. 2 show that 
at constant gas composition and 
temperature, the sulphur con- 
tent of the melt at equilibrium 
falls rapidly with increasing 
carbon content. The effect of 
temperature at a gas ratio of 
0.00255 is shown by the lower 
group of curves. In the high- 
carbon range, the actual change 
with 


several gas 


between 


€ 
5 


in percentage of sulphur 
change in temperature at a con- 
stant carbon content is small 
Of more practical importance is 
the effect of temperature at 
carbon saturation. In this case 
the change in percentage of sul- 
phur with change in tempera- 
ture is greater because of the 
combined effect of temperature 
on sulphur activity and carbon 


solubility 


relation between carbon content and activity 
sulphur in dilute solutions of sulphur 


3 and 4. The points 


calculated from the results of 


E-52, E-58, E-59, E-61, E-62, and E-73, 


ACTIVITY COEFFICIENT OF SULFUR 
‘ 


Fig. 4—Effect of 
carbon content and 
silicon content on 
activity coefficient 
of sulphur in iron 
at 1600°C. 
Concentration expressed ia 
fraction 


0.08 010 O12 


ALLOYING ELEMENT 


using the following relations 


S (in liquid metal) H. (gas) HLS (gas) 


K Pus 


pH a 


and a y pet S, 


where a, and are the activity and activity co- 
efficient of sulphur, respectively. The standard 
reference state for sulphur was taken to be a 1 pet 
solution of sulphur in pure iron, making K equal to 
0.00251, according to the results of test E-52. This 
value for K agrees closely with that found in the 
earlier work on the effect of silicon’ and also checks 
well with the results of a recent investigation by 
Sherman, Elvander, and Chipman, who used a 
technique quite different from that used in our 
work 

The values for y, calculated in this manner apply 
only to dilute solutions of sulphur where the 
activity coefficient is approximately constant. In 
both pure iron and iron-carbon alloys, tends to 
decrease as the sulphur content increases. In pure 
iron this decrease becomes appreciable above 1 pct 
sulphur.’ In iron saturated with carbon, the results 
of experiments E-73, E-76, and E-78 shown in fig. 6 
indicate that y, is approximately constant up to 0.48 
pet sulphur, which is the highest concentration 
studied 

For comparison with the effect of silicon, the rela- 
tion between silicon content and activity coefficient 
of sulphur’ is also shown in fig. 3 and 4. On a weight 
percent basis, carbon has a much greater effect 
than silicon. However, when the concentration of 


alloying element is expressed in mol fraction, the 
effect of silicon is greater than that of carbon. 

One experiment of an exploratory nature was run 
at 1600°C to determine the effect of carbon and 
silicon when present together in the melt. In this 
test the addition of 1.40 pct silicon to a melt con- 
taining 4.0 pet carbon increased the activity co- 
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014 016 0.18 020 0.22 
MOLE FRACTION 


efficient of sulphur from 3.75 to 5.08. This increase 
is about the same as would have resulted from add- 
ing 1.4 pet silicon to an iron-silicon melt in which y 
was initially 3.75, that is, adding 1.4 pct silicon to 
iron containing 7.15 pct silicon 

In fig. 5, a plot of log K against 1/T is shown for 
the reaction: 


S (in liquid Fe containing 4.35 pet C) 


H. (gas) HLS (gas) 
Pus 
K 

Py petS 


At 4.35 pet carbon in the metal, values of K at three 
temperatures can be calculated from the data in 
fig. 2. In drawing the straight line through the 
points, more weight was given to the determinations 
at 1200 and 1415 C than at 1600 C because errors 
due to CS, formation and aluminum contamination 
are smaller at the lower temperatures. Corrections 
for these two errors should bring the point at 1600°C 


TEMPERATURE, C 
1.600 1,400 1,200 
| 


RECIPROCAL OF AB Lute TEMPERATURE, 104 /T 

Fig. 5—Equilibrium between hydrogen, hy- 

drogen sulphide, and sulphur dissolved in 
liquid iron containing 4.35 pet carbon. 
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difference in the two curves is still rather iarge. The 
difference of 30 C in temperature between the two 
sets of data would account for only a small part of 
the discrepancy 

Conclusions 


The experimental data have shown that carbon 
has a decided influence on the activity of sulphur 
in dilute solutions of sulphur in liquid iron. At a 
given percentage of sulphur in the metal, the activity 
of sulphur is greater the higher the carbon content 
Between zero carbon and carbon saturation the in- 
crease in sulphur activity is more than sixfold at 
1600 C. This fact indicates that in slag-metal rela- 
tionships and in other reactions involving sulphur in 
liquid iron, the alloy content of the metal is a very 
important factor. For example, the greater efficiency 
of desulphurization in the blast furnace as compared 
to that in the open hearth is due in considerable 
part to the higher level of sulphur activity in blast- 
furnace metal as a result of the higher carbon and 
silicon contents 

The activity of sulphur dissolved in a liquid iron- 
carbon alloy increases with a rise in temperature 
The temperature effect is rather small, however, 
except at carbon saturation, where a rise in tem- 
perature Is accompanied by an increase in the car- 
bon content of the metal and by a rise in sulphur 
activity resulting from the carbon increase. This 
indirect effect of temperature on sulphur activity 
may be largely responsible for the relationship that 
exists In the blast furnace between temperature and 
sulphur content of the metal. With a rise in tem- 
perature, the carbon plus silicon content of the 
metal increases Causing a corresponding increase in 
the activity coefficient of sulphur and a greater 
tendency for the sulphur to pass into the slag 
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The Vapor Pressure and Thermodynamic Activities of 


Zinc in Solid Alpha Brasses 


The vapor pressures of zinc over solid alpha brasses were determined for six alloys 
ranging in composition from approximately 5 to 30 pct zinc. The absorption spectra 


by A. W. Herbenar, C. A. Siebert, and O. S. Duffendack 


method was utilized for obtaining the vapor pressure data. Activities and activity 


N metallurgical problems involving the study of 
equilibrium in binary systems, the existence of 
an additional vapor phase, due to the presence of a 
volatile component in the alloy, has often been 
neglected. This is well indicated by the modified 
form of the phase rule, usually accepted in con- 
densed systems in which pressure is not considered 
as a degree of freedom. In many cases the vapor 
pressure of the volatile component is exceedingly 
small and for all purposes can be considered negli- 
gible, in which case this form of the phase rule is 
applicable. However, alloys containing Hg, Cd, Zn, 
or Mg, tend to show very marked equilibrium vapor 
pressure, even in the solid state, and therefore 
present cases where the modified form of the phase 
rule no longer holds true. 

A quantitative determination of the vapor pres- 
sure of zinc in alpha brasses is not only of practical 
interest because of the loss of zine in the processing 
of these alloys, but also of theoretical interest in 
that such measurements provide a means of apply- 
ing the principles of theoretical physics and physi- 
cal chemistry to problems of applied metallurgy 

A number of investigators have reported vapor 
pressure measurements of zinc in alpha _ brasses 
Hargreaves made extensive measurements which 
were used by Birchenall and Mehl’ and Guttman 
for the determination of activity coefficients of zinc 
used a differentially 
heated quartz tube and measured the condensation 


in alpha brasses. Hargreaves 
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temperature at one end corresponding to the tem- 
perature of the heated brass at the other end 

Birchenall and Cheng outlined the condensation 
method of obtaining vapor pressure of zinc and Cd 
over some of their silver alloys.’ 

The primary object of the present investigation 
was to increase the range and accuracy of the vapor 
pressure data for the alpha brasses 

Preparation of Alloys: Six alloys were prepared 
from Bunkerhill zine and O.F.H.C. copper, both of 
99.99 pet purity. The cast ingots were annealed for 
24 hr at 550 °C, scalped, cold rolled 40 pet and an- 
nealed for 50 hr at 550 C. The annealed bars were 
then surface ground and degasified for 30 min at 
approximately 550 Cin an induction heated vacuum 
furnace. The surface of the bars was removed be- 
fore milling the bars into relatively fine chips for 
chemical analysis and samples for the equilibrium 
cell. The analyses of the six alloys are given in 
table I 

Experimental Method: The vapor pressure of zinc 
at a number of temperatures 
spectra data. The 


over the various alloys 
was determined from absorption 
spark source was produced by means of a high ten- 
sion discharge between two electrodes of pure zinc 
The design of the absorption vessel is shown in fig 
1. The vessel was constructed of transparent quartz 
which transmits the whole of the visible spectrum 
and the ultraviolet down to a wave length of 2000 
A. The thickness of the vapor space was set at 0.8 
mm so as to permit a relatively wide range of 
measurements without altering the vapor space, and 
thereby necessitating recalibration of the vessel 
The furnace used for heating the absorption vessel 
consisted of a split wound furnace as shown in fig 
2. The spectrograph used in obtaining the trans- 
mitted zinc spectra was a double prism type espe- 
cially designed for a region of 2500-3500 A. A step 
diaphragm used in conjunction with a tungsten fila- 
ment provided the necessary intensity patterns re- 
quired for calibration of the photographic plate 
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Table I. Analyses of Alloys Table Ul. Line-Density Data for Zinc 


Alley 
Plate 


46.70 


was photographed on each plate in 


lensities were 


This pattern 
zine spectra. The line d 


addition to the 
measured with a Moll type microphotomete 
hows the experimental setup, where A is the 
ource, B is the furnace 
enclosed, and C is the spectrograph 

The absorption vessel was calibrated using 
and the 3035 A and 3076 A re 
zine rum. The 3035A line showed no ten- 
used as an internal 


with the absorption ves 


zing sonance line 


the 
dency for 


tandard. The vapor pre ire 
Overt! t pectroscopically de- 


ergy value for zine vapor. The 


absorption and wa 


data for liquid zine 


were taken from 


termined free en 
ised for d nining the vapor pressure 


ired temperature 


aturated 


0.138x10 


{1] 


Results: The pure zinc, and 


the tep band given photo- 


Il in terms of 
by the micro- 
tion was obtained by 


graphic plate 
valvanomete! 
ra 
tep bands against the 


and 5.21 corresponding to 


Step Bands 
variation of the steps on 


rhe values of the loga- 


Table II. Summarized Vapor Pressure Data for 
Liquid 
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1 
Neo oD | San | os — 
94 65 5.35 
B 11.05 1 453 1 46.70 | 46.75 46.75 0.04 
P 2 16.18 45 2 4ti BE 4690 46.90 0.06 
D of 19.99 
75 97 24.0 481 1 4585 45.80 4590 45.90 0.06 
k 710 28.95 481 2 45.75 45.80 4585 45.85 0.07 
13 45.95 9 46.10 46.15 0.13 
x } - 1 4 46.1 46.1 46.30 46.40 0.15 
42 46.30 4665 4665 0.26 
6 46.35 4640 4670 46.75 026 
76 1 4470 44.70 4540 45.40 0.50 
76 2 44.75 45.50 45.45 
607 ; 4495 4500 4620 462 0.80 
‘ 639 44.10 4420 46.25 4630 15 
649 ' 4420 4425 46.30 46.40 152 
667 42 80 4285 46.10 465 10 2 
4 667 2 43.10 43.10 463 46.40 2.34 
4 699 462 46.25 
> 4 4 $6.31 46 30 
4 730 t 46.7 46.7 
74 l $5.85 45.80 
745 2 45.70 45.70 
* 
709 45.95 45.95 
70a 2 46.10 46.10 
t 41.45 414 45.5 45.5 2.9. 
6al 4 4 4 ao 45.70 70 29. 
t 652 43.10 45.15 45.7 45.7 1 B8 
Zinc Vapor at any des 
of 652 43.10 45.10 | 45.7 45.75 
was ; 
7 620 43.95 44.0 4540 45.4 112 
In p 3.04 log 4 43.50 46.3 45.40 65 
1 7 590 45.2 5.2 46.1 46.10 
7 46.25 46.7 46.7 0.37 
: 24 1 44 44.90 0 
492 46.2 45.20 4 ) 0.09 
4 +t $5.25 0.05 
aaa 2 4440 4440 0.06 
Value 0 1.40, 2.0 
a logarithmic (base 1.5) 
2. 
the calibrating 
‘ , 130 > 15 00 20 
rithms of the relative intensities of the pairs of Plat ~ 
Plate 2 9.90 41.20 42.0) 45.05 $6.30 
pectra bir were obtained by IppiVINg thei Plate 8.00 41.1 42.0 43% 45.20 46.50 
Plate 4 41.20 42.0 43.9 $5.2 46.50 
measured densities to the calibration curve for any Plate 5 9% 41.25 42 1 3.9 45.15 46.45 
s corresponding plate The last column of table I Plate 6 9.8 411 41.90 43.7 45.00 46.30 
Plate 7 9 90 41.20 41200 45.76 44.8 46.05 
a hows these values a btained trom the calibration Plate § 9% 41.90 41.9 43.75 44.9 46.20 
' ‘ Plate 9 9 80 41.10 1.95 43.7 44.95 6.20 
curve, The line intensity ratios, and vapor pressures 
: calculated from the vapor pre re equation, for a 
iven temperature are shown in table III 
The il ption law may be represented by the 
K 
(av) log 
when K orption coefticient 1 In P 
ite ‘ perature 4 72 0.050 0 0.42 0 00058 
thickne of absorbing pace 481 754 106 0 0.00117 
78t 0.140 0.62 1 0 00237 
42 15 0 260 1.26 0.00433 
plot of ntensitv ra should result u 607 0 ao 5 19 80 01455 
639 912 1.52 22 50 02468 
667 940 2 oo 03820 
a straight line elationsnyy Bee bsorption law 972 4.09 60.00 0.06174 
valid for this case. A plot of the data of table II ».09372 
3 117.00 0.11489 
as shown in t 4 demonstrate ne elationshiy 709 982 4.37 79.50 0.08014 
is m4 20K 0 0.04747 
for the calibration « ve 652 v2 1 03054 
The vapor pre ire data f th allo were 12 279 2 
4 ‘ 22 9 7x O107E 
obtained in much the ime manne were the cali ’ 2 Oe t ) 0 00602 
mt 24 797 0.17 1.87 49 0 00299 
tior lata. Th col ted in photo iphing he ‘ 114 149 
; 
444 27 0.050 0 84 4 00055 
measurin thie ter ty { the lime ! i Calibrated 
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plate, and finally obtaining the log intensity ratios 
from the calibration curve. Values of p/T corre- Fig. 2—Heating furnace. 
sponding to the log intensity ratio at a definite tem- 

perature were obtained from the absorption curve 
Since the temperature is known, the pressure which 
represents the equilibrium vapor pressure of zinc in 
the solid alloy can be calculated. 

The summarized vapor pressure data for the six 


Table VU. Summarized Vapor Pressure Data 
for Alloy D 
(80.01 pet Cu 19.99 pet Zn) 


av) log —— 


Table IV. Summarized Vapor Pressure Data 
for Alloy A 


oc 7 1.00175 1.71 0.54 
(94.65 pet Cu 5.35 pet Zn) 740 
7 0 OO750 2.08 


0.00980 106 
0.01545 l 


0.00145 1.58 046 


0.00280 3.17 


1037 0.290 0 00480 4 of 
722 996 0.145 10.04 0 00245 2 


Table VILL. Summarized Vapor Pressure Data 
1096 0.095 9.12 0.00165 1.81 0.59 for Alloy E 
(75.97 pet Cu 24.03 pet Zn) 


Table V. Summarized Vapor Pressure Data 1 ! P 
for Alloy B | Tx P In P 
(88.95 pet Cu 11.05 pet Zn) 


2.18 Table EX. Summarized Vapor Pressure Data 
60 098 for Alloy F 
(71.05 pet Cu 28.95 pet Zn) 


Table VI. Summarized Vapor Pressure Data 
for Alloy C t 1 Ts In P 
(83.82 pet Cu 16.18 pet Zn) 


0 10 0.00125 


00295 
00530 


alloys investigated, including the intensity 
- a4 ratios, values of p/T, and the calculated vapor pres- 


IV through IX 


sures are given in table 
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EE 
1 1 Pan 843 1116 0.950 8.96 a. 2.85 ‘ 
(av) leg 10 1162 1.690 8.60 0.0272 149 $46 
rs In P 929 1202 2.800 8.32 0.04540 54.57 4.00 
90 1176 2.045 8.50 0.03330 19.18 3.67 
865 1138 1.265 8.79 0.02050 23.82 615 
815 1088 0.080 9.19 — — 
902 1175 0.310 8.51 0.00515 6.05 1.80 
952 1225 6.595 8.16 0 009€ 11 2.47 
970 124 7 ; 4.1¢ 2.¢ | 
j 
: 
646 919 0.110 10.37 0 00195 1.88 063 
1 P 962 0.350 974 0.00575 1.78 
(av) log 10 75 1026 0.70 934 0.01155 2.37 2.51 
1 T 1 In P 797 1070 1.345 0.021% 24.39 i9 > 
84 1116 2.540 8.58 0.04120 48.06 87 
935 1206 2.930 8.49 0.04750 4.02 
759 0.090 969 0.00160 1.6 0.50 B04 1177 1.940 8.74 0.03165 6.21 3.98 
796 069 0.170 935 0.00285 0 1.12 0.985 916 0.01606 17.47 2.86 
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889 1162 065. 8.60 0.00105 244 254 167 1040 0.19 0.99 0.00325 $.22 1.17 
925 198 1.03 8.35 0.00170 20.12 3.00 718 991 0.07 10.56 0.00145 1.37 0.31 j 
a5 1223 35 8.18 0.02165 2647 3.28 
94 1167 0 695 8.57 0.01130 13.19 2.5 
865 1138 )47 79 0.00780 87 | 
822 1095 0.250 91 0.00415 455 7 
786 1059 0.14 0 0024 2.60 
+e 915 114 013 
. 714 987 0.220 10.18 0 +2 1.45 
(av) leg —— x 10 752 1025 0.535 9.75 0.00875 897 219 4 
i I Ts P In P 78 1056 0 855 947 0.01395 147 2.69 
809 1082 1.26 924 9.02050 2219 110 
1131 2.440 44 603960 44 7% #0 
702 975 0.065 102 0.00120 1.17 16 871 1144 2.915 874 0.04730 4.12 406 : 
74 1021 0.15 979 0 00260 2 66 0.98 22 10% 1.555 91 102510 27.54 1 ' 
789 1062 6.300 941 6.00500 ! 1 67 797 1070 1.080 944 001750 1874 2.93 - 
8 110 0.555 9.07 0 0090 99 2.30 THE 1041 0 685 961 0.0111 11 60 24 
RTE 1151 1 080 aaa 0.01750 20.14 727 1000 0250 10 00 0 00515 +75 175 
922 1195 1.855 8.37 0.03025 614 56 a7 o42 012 10 61 0.00215 20 0.71 
12168 29 0.03910 4751 +86 
1182 1.605 46 0.0259 0.67 42 
Q 1122 8.84 0 15 2 
1075 0% 9% 0 00605 
1022 949 0 00216 
714 0.00150 1 


Table X. Activities and Activity Coefficients of Zine in 
Alpha Brasses (with respect to Liquid Zine) 


0.0417 
0 1468 


0.0511 
0.1801 
0.0167 156 0.0538 
0.1053 0.1 0.1895 
0.0179 0.0395 0 0584 
Fig. 3—Experimental setup. 0.1130 ‘ 0.1678 0.2058 
\—spark source. B—furnace with absorption vessel enclosed : 0.0119 0.0198 0.0425 0.0642 
C—spectrograph 0.1108 0.1250 52k 0.1809 0.2261 
Activities and Activity Coefficients: The activities 7 0.0121 227 1332 0 0468 0.0697 
0 18 143 $ 
and activity coefficients for zine in the six alloys 
tudied are given able X, employing pure liquid 
zine as the reference state. These values differ some- 
0.00539 0.0144 272 ; 0.0552 


what from those 1own by Birchenall and Mehl 5 0.1034 0.1237 ; 0.2445 


800 0.00431 0.0131 251 ‘ 0502 
0.0828 0.1219 8 1787 0.2134 


due to a difference in vapor pressure values re- 


0.00633 0.0186 0.0583 


ported in this investigation and those of Hargreaves 0.1216 | 0.1484 r 0.2162 0.2480 


used by Birchenall and Mehl for their calculations 75 0.00695 0.0175 x 0.0447 0.0641 
0.1334 0.1620 2045 0.272 
Summary 
900 0.00762 00188 3 10 0.0686 
Data are presented of the vapor pressure of 0.1463 0.1740 0.2229 2510 0.2918 
ver solid alpha brass of six compositions 0.00854 0.0202 0.0286 
The absorption spectra method was utilized for 0.1639 0.1876 = 0.2437 
obtaining the vapor pressure data 0.00930 0.0214 
1784 1987 
3. Activities and activity coefficients for zinc in 
were calculated for the six alloys in- 0.00955 
0.1833 
References 
of Metals (1939) 64, 115 Guttman: Trans. AIME (1948) 175, 178 
and R. F. Mehl: Trans. AIME ‘C. E. Birchenall and C. H. Cheng: Trans. AIME 
Tech., June 1947 (1949) 185, 428. Jnl. of Metals, July, 1949 


Fig. 4—Calibration curve for absorption vessel. 
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The Thermoelastic Effect 


in Iron and Nickel as a Function of Temperature 


by Roberto Rocca and M. B. Bever 


The adiabatic thermoelastic temperature change was determined 
as a function of temperature and stress in nickel and Armco iron. 
The results are in agreement with an equation first derived by Lord 
Kelvin. Near the Curie temperature the thermoelastic effect 
changes appreciably. Calculations confirm that the thermal expan- 
sion coefficient of iron decreases in the vicinity of the Curie tem- 

perature as predicted by the theory of ferromagnetism. 


6 ees adiabatic elastic deformation of a body is 
accompanied by a change in temperature. This 
phenomenon is known as the thermoelastic effect 
Under adiabatic conditions the temperature of a 
metal bar is decreased by an elastic elongation and 
is increased by an elastic compression. All materials 
which elongate on heating behave in this manner 
The sign of the thermoelastic temperature change 
is reversed for the few materials which have a 
negative coefficient of thermal expansion. 

The following equation for the thermoelastic 
effect can be derived from fundamental thermody- 
namic theorems, as shown in the Appendix 


aT, {1] 


In this equation, T is the absolute temperature, S is 
the entropy, a, is the coefficient of linear thermal 
expansion, c,° is the heat capacity per unit volume 
at constant stress and o is the stress (positive in 
tension). Eq 1 can be applied to small, but finite 
changes in stress in the following form 
—— T do 
c 

The sign of the temperature change AT is opposite 
to that of the change in stress So for materials which 
have a positive coefficient of thermal expansion 

Eq 2 has been verified for many different mate- 
rials and stresses at room temperature. No previous 
publication appears to have been devoted to an in- 


vestigation of the thermoelastic effect over a range 
of temperatures. 


Review of Literature 


Lord Kelvin (W. Thomson) presented a general 
theory of the thermoelastic effect in 1851’ and late 
applied it to a solid, subject to an arbitrary system 
His analysis was based on a cycle of 
isothermal and constant-strain transformations and 
led to Eq 2 above. Even today, one of the clearest 
expositions of the thermoelastic effect is found in 
Lord Kelvin’s article on elasticity in the Ninth Edi- 
tion of the Encyclopedia Britannica (1878) 
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Gibbs’ analyzed the general equilibrium condi- 
tions for strained elastic solids. His treatment em- 
phasized the role of energy and entropy in thermo- 
elastic phenomena 

Even development of the theory, 
Weber’ (1830) observed the thermoelastic effect in 
solids. He noted that a change in the stress applied 


before the 
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to a wire was followed by a transitory period during 
which the vibrational frequency of the wire dif- 
fered from the frequency characteristic of the new 
stre Weber reasoned that the transient change In 
acoustical pitch was produced by a thermal effect 
He attempted to calculate the magnitude of this 
effect from the observed changes in vibrational fre- 
quency 

Lord Kelvin’s formula was first verified by 
Joule." (1857-59) who employed a variety of mate- 
rials, including iron, wood and rubber. Joule used 
various thermocouples, but did not establish the 
correlation between galvanometer deflections and 
temperature changes with absolute accuracy. The 
leviation of the observed from the calculated values 
of the thermoelastic effect was 8 pet 

Edlund’ (1861) experimented with wires of vari- 
ous metals, employing crystals of antimony and 
bismuth a i thermocouple, but only correlated 
alvanometer deflections with changes in load. Ap- 
parently unaware of Lord Kelvin’s papers, Edlund 
based the analysis of his results on Clausius’ princi- 
ple of the equivalence of heat and work In 1865 
Edlund published further experiments in an at- 
tempt to confirm Lord Kelvin’s formula, but the 
observed temperature changes amounted to about 

f of the theoretical values. Edlund considered 
that the balance was accounted for by “internal 
work”. Various attempts by others to explain 


this discrepancy were unsuccessful 


H |} 
4 
3 


T 


= 


Fig. 1—Schematic diagram of apparatus. 
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Haga” (1882) measured the coefficient of thermal 
expansion and the heat capacities of the materials 
used in his thermoelastic experiments. The dif- 
ference between observed and calculated values 
amounted to about 2.5 pet for steel and 0.25 pct for 
nickel-silver wire. 

Wassmuth (1888 and later) attached six 
thermocouples connected in series to six equally 
loaded samples in order to obtain increased sensi- 
tivity. He also measured the thermoelastic effect 
in torsion or bending and determined the tem- 
perature dependence of Young’s modulus and of the 
torsional modulus by thermoelastic measure- 
ments 

Turner” (1902) attempted to use the thermo- 
elastic effect for the determination of stresses In 
large-scale elements of engineering structures. He 
showed that this effect can serve as a criterion for 
limiting the elastic range. Coker” and Coker and 
McKergow” (1904) explored the applicability of 
the thermoelastic effect to engineering measure- 
ments and to the determination of the yield point 
Coker” analyzed the distribution of stresses in the 
cross-section of a loaded beam in this manner 
Rasch” (1908) used the thermoelastic effect with 
fair success to determine the yield point of metals 

Compton and Webster” (1915) devised a tempera- 
ture-measuring system many times more sensitive 
than a thermocouple by determining the change in 
electrical resistance of a wire specimen. Their in- 
vestigation verified Lord Kelvin’s formula with an 
average accuracy of 0.07 pct. 

In recent years the study of the thermoelastic 
effect has been confined mainly to rubber. In the 
field of metals, Tammann and Warrentrup” (1937) 
thoroughly investigated the temperature changes 
associated with elastic and plastic deformation. 
They observed that in low-carbon steels Lord Kel- 
vin’s formula was followed up to the yield point, 
where a sharp reversal in the direction of the 
temperature change indicated the occurrence of 
plastic deformation. For unannealed coppet! and 
nickel the reversal was more gradual, so that no 
yield point could be assigned to them 

The thermoelastic effect is now recognized as an 
important factor in the phenomenon of internal 
friction in polycrystalline materials. The pertinent 
theory was developed by Zene! Temperature 
changes have been observed during loading of 
specimens in high-temperature creep tests 


Experimental Procedure 


The apparatus used in the experiments reported 
here is shown schematically in fig. 1. The specimen 
S was a tensile test specimen measuring between 
grips 1 in. (nickel) or 142 in. (iron); the diamete: 
was 0.250 in. (nickel) or 0.245 in. (iron). The 
specimen was fastened to the frame F through the 
rod R and its upper end was connected to a lever 
BC by means of which various loads could be ap- 
plied. The connection AB between the specimen 
ind the lever was made by a system of links, de- 
ails of which are included in fig. 1. These links, 
ier with the fact that the distance AB from 
the specimen to the lever was 21! ft, permitted the 
specimen to align itself so that the state of stress 


approached pure tension. The lever had its fulerum 
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Fig. 2—Typical record of loading and unloading 
cycle. 


at the knife edge K, resulting in a lever ratio of ten 
to one 

The load consisting of the hanger H and the 
weights W could be raised or lowered by means of 
a hydraulically operated platform P, whereby the 
hanger was engaged and disengaged at the point L 
The center of gravity of the connecting system AB 
and lever BC was to the right of the knife-edge K 
The specimen was under slight tension even when 
the load was not applied. 

The specimen, surrounded by a sleeve of tempera- 
ture-resistant metal was enclosed in a resistance 
furnace D. A thermocouple was placed inside the 
sleeve and was connected to an automatic tempera- 
ture regulator. The specimen temperature was 
measured by a second thermocouple made by spot 
welding two thermocouple wires to a circumference 
of the specimen at an angular separation of ap- 
proximately 90°. The electromotive force was re- 
corded by a Leeds & Northrup Speedomax recording 
potentiometer. This instrument had a full scale of 
2 mv and a potentiometer was put in series with it 
to measure higher electromotive forces. A chrome] 
P-constantan thermocouple was used because it 
gave the largest electromotive force of any of the 
generally available couples. The thermocouple was 
calibrated at four temperatures in the range of 100- 
660 C 

The specimen was brought to a desired tempera- 
ture level for each set of determinations. The power 
input was then adjusted to result in a very slow 
temperature decrease amounting to less than 1°C 
per min. This slight temperature drift standardized 
the thermal conditions and particularly the tempera- 
ture gradient existing between furnace and speci- 
men. It also eliminated any mechanical slack in the 
recording instrument which would have interfered 
with the accurate measurement of the temperature 
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decrease caused by loading. All temperature levels 
were chosen so that they wouid be read in the same 
part of the scale, in order to keep as constant as 
possible inaccuracies inherent in the instrument 

The technique of loading and unloading was 
standardized and each of these operations required 
less than 2 sec. The hydraulic platform, however, 
was manipulated so as to avoid impact or appreci- 
able kinetic effects. The load was removed again 
after about 10 sec. An example of a typical record 
is shown in fig. 2. At each temperature level three 
cycles of loading and unloading were completed at 
intervals of less than 20 sec. It was possible to make 
three sets of measurements with different loads 
during such a short time that the temperature level 
changed by less than 2°C 

The potentiometer records were measured on a 
reading instrument originally designed for X ray 
diffraction films. Its vernier scale could be read to 
0.02 mm. The readings were always made on the 
same edge of the recorded line and the probable 
positioning error was +0.02 mm. The probable 
maximum reading error therefore was + 0.03 mm 

The lag of the instrument was an important 
factor in determining the probable errors. It was 
found that the slight temperature drift maintained 
during the experiment did not register continuously 
on the record, but in minute steps, presumably be- 
cause the instrument had to reach a certain degree 
of electrical unbalance before responding. The 
maximum error introduced from this source is esti- 
mated as 0.08 mm. Adding this figure to the read- 
ing error the maximum total error inherent in the 
method of measuring temperatures was +0.11 mm 
of scale corresponding to a temperature interval of 
approximately +0.012°C. This error is believed to 
be larger than the errors introduced by mechanical 
inaccuracies inherent in the system of loading. An 
error affecting only the values for iron above about 
500°C will be mentioned later 


Experimental Results 


The thermoelastic temperature change was meas- 
ured on specimens of nickel and Armco iron 
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Fig. 3—The thermoelastic temperature change in 
Armco iron as a function of temperature. 
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Fig. 5—The thermoelastic temperature change in Armco 


iron 


Fig. 4—The thermoelastic temperature change in nickel 
“L” as a function of temperature. 


Nominal compositions of these metals are given in 
table I. The results of the experiments are pre- 
‘nted in fig. 3 to 6. The points plotted are averages 
three determinations except in a few cases where 
uncertain rejected because it could 


traced to 


reading wa 


faulty technique 


I. Nominal Compositions of the Materials 
Employed 


Table 
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function of 
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at different temperatures as a function of the change 


in stress. 


Ae ips 


Fig. 6—The thermoelastic temperature change in 
nickel “L” at different temperatures as a function 
of the change in stress. 


heat capacity and the thermal expansion coefficient 
change with temperature 

According to Griineisen’s theory” of thermal ex- 
pansion the ratio of the heat capacity to the expan- 
sion coefficient is proportional to the compressibility 
This be considered constant over a wide 
temperature but increases slightly at ele- 
vated temperatures. The thermoelastic effect should 
therefore be an approximately linear function of 
although inc deviations from 

be expected as the temperature is 
ferromagnetic metal the assumptions 
not valid in the tempera- 
ferromag- 


ratio may 
range, 


temperature, ‘easing 
linearity must 
sed. For a 
Grineisen’s theory are 
range in which the metal 
netism. Consequently the thermoelastic effect is not 
a simple function of temperature in this range and 
a sharp discontinuity may be expected at the Curie 
point 
The 


iron 


ture loses its 


observed 
450°C 


thermoelastic temperature change 
between 50°C and approximately 
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change directly proportional to 
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agrees well with the curve calculated from Lord 
Kelvin’s equation. It also is a linear function of 
temperature in accordance with Griineisen’s theory 
Above about 450°C, the calculated and experimental 
curves show the effect of the gradual loss of ferro- 
magnetism. The calculated curve is not carried be- 
yond 600°C as the values of the expansion co- 
efficient are uncertain above this temperature.” It 
has been deduced from general considerations, how- 
ever, that the thermal expansion coefficient of 
a-iron decreases in the vicinity of the Curie point”. 
Reliable data for the heat capacity are available and 
show a large increase near the Curie temperature”. 
The thermal expansion coefficient and the heat 


Fig. 7—The thermal expansion coefficient of iron as 
a function of temperature calculated from the 
thermoelastic effect. 


capacity thus combine to reduce substantially the 
thermoelastic temperature change, as confirmed by 
the experimental results presented in fig. 3. 

Fig. 3 shows an excess of the observed over the 
calculated values at temperatures above 450°C. 
This excess is explained by a decrease in the cross- 
section of the specimen which resulted in an in- 
crease in the stress. One reason for the reduction of 
the effective cross-section at elevated temperatures 
was slight scaling of the iron specimen. A small 
amount of plastic deformation also occurred in a 
few instances above 650°C. Such plastic deforma- 
tion could be prevented by reducing the load. Points 
obtained with reduced loads are included in fig. 3 
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after extrapolation to the original load by Eq 2 
Above the Curie temperature of iron it was not 
possible to make dependable measurements even 
with the smallest practicable load. After the com- 
pletion of the experiment the total reduction in the 
cross-section of the iron specimen due to scaling and 
plastic deformation was found to be about 15 pet 
This figure included a small amount of reduction 
which had taken place above the Curie point. It is 
concluded that the error in the observed thermo- 
elastic temperature changes of iron increa ed gradu- 
ally above 450°C to a maximum of about 15 pct at 
the Curie point 

Values of the thermal expansion coefficient of Iron 


were calculated from the observed thermoelastic 


temperature changes by Eq 2. In thes« caiculations, 
corrections for the change in cross-section, increas- 
ing from 9 pet at 600°C to 15 pet at the Curie point, 
were mad After these corrections the total error 
in the calculated thermal expansion coefficients 1s 
estimated to be less than 10 pet The thermal ex- 


icients st in fig. 7 decrease as the 


Ww 


par ion 
Curie point is approached in accordance with the 
heory of ferromagnetism 

For nickel the calculated an i observed values of 
the thermoelastic temperature change coincide only 


at room temperature, but differ as the temperature 


aised. This difference cannot be explained by a 
change in cross-section. The nickel specimen did 
not scale and its diameter remained unchanged dur- 
ne the entire experiment. The temperature records 
Iso did not show a single indication of plastic def- 


ormation. Nix and MeNair™ have found that the 


expansion coefficient of ferromagnetic metals is very 


tive to small amounts of impurities at elevated 
temperature The discrepancies between the cal- 
ilated and experimental curves in fig. 4 may be 
chiefly due to th cause Both curves, however, 
‘ that th decrease in the thermoelastic effect 
near the Curie temperature small. especially when 


compared to iror In iron the expansion coefficient 
ecreast near the Curie point and thus reinforces 


the effect of the eat capacity, while i nickel the 
‘ nsion coefficient increases and thus counteracts 
the effect of the heat capacity 
In the few instances in which incipient plastic 
leforma of the iron specimen occurred an initial 
' iture drop on loading was followed by a rise 
temperature as shown in fig. 8. The former wa 
e to the thermoelastic effect while the latter was 
ed by plastic deformation The superpositior 
these two phenomena interfered with the evalua- 
tio of the thermoelastic eftect » that the few 
vatior of th type were rejected After un- 
tiv n the plastic range the temperature con- 
tinued to rise lightly for a short period. This 
phenomenor rn be explained by the fact that 
et natior ene ite heat I ictive lit 
A h are distributed ove the ¢ ) ection 
r heat reaches the thermo ple afte ne cde 
i A smal mount of plastic ce ition result- 
I the tre elief afte unloadir nm the 
ist inge may i cont te to this heat 


The thermoelastic efle was determined experi- 


ntallyv a function of temperature in nickel and 
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Armco iron. Tensile stresses of various magnitudes 
were employed 

At all temperatures the experimental results were 
in agreement with an equation first derived by 
Lord Kelvin from thermodynamic postulates. The 
magnitude of the thermoelastic effect was found to 
change appreciably near the Curie temperature. It 
was possible to confirm by calculation that the 
thermal expansion coefficient of iron decreases in 
the vicinity of the Curie temperature as predicted 
by the theory of ferromagnetism 
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Appendix 


In deriving an equation for the thermoelastic 
temperature change associated with an adi ibatic 
elastic deformation of a bar of unit cross-section the 
following quantities and symbols will be used: 


1: length of the bar 


a : axial stress (positive in tension) 


T : absolute temperature 


c; : specific heat at constant stress 

d density in the standard state 

c,’ : volume heat capacity Cod 

coefficient of linear thermal expansion 


S : entropy of the bat 


Y : Young's modulus 1/ 


vy : Poissons ratio 


Subscript refers to room temperature 


Since § S(T, «) and dS is a perfect differential, 
aT (aS da) 
( de ) (AS/AT) 


For axial deformation, one of the Maxwell relations 
takes the following form 


(=) 


For the entropy of the entire bar having unit cross- 
section it follows from defining equations that 


( ) Ce 1 [3] 


Substituting Eq 2 and 3 into 1 and rearranging 


dT : T de 


In applying Eq 4 it is necessary to know the stress 
r at the temperature T. This stress is related to the 
stress at room temperature by the equation 


= 5 
1 + 2a, (T-T.) 
where a, is the mean coefficient of linear expansion 
Since a, is of the order of 10°, and (T-T.) of the 
order of 10°, this correction can be omitted 


A 


correction term due to the contraction in the 
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cross-section under load is expressed by the equa- 
tion 


(6) 
) 
1—200/Y 
This correction may be ignored, since : 0.25 and 


Y 10° psi. Eq 4 may therefore be applied in the 
following form to a reversible adiabatic deforma- 
tion 


aT = T de (7) 


In integrating Eq 7, a, and ce may be treated as 
independent of the temperature T in the very smi ill 


interval AT. Since to may be of considerable mag- 


nitude, however, it is necessary to evaluate the de- 


pendence of ono as follows 


3). [8] 


Developing the first term of the right side of Eq 8 
Cc dea ae 


y CF — 


From Eq 3 


Substituting Eq 2 into 11 


a Grd. | 


Substituting Eq 10 and 12 into 9 and combining 


with 8 

Oa 
Numerical values may be substituted into Eq 13 


and the assumption may be made that the 
derivative of (a ) with respect to o is negligibly 
mall compared to the first derivative. In this man 

ner it is found that the change of the ratio (a,/C.« ) 
for the maximum load is less than 2.5 pct in the 
entire temperature range investigated. Hence this 
correction can also be omitted and Eq 7 can be 

grated, for a small interval sT 


second 


AT Tac Tao [14] 


c,a c 
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Thermodynamic Properties of 


by Charles W. Sherman, 


Sulphur in Molten lron-Sulphur Alloys 


Hans |. Elvander and 


the equilibrium in the reaction: 


To determine the thermodynamic properties of sulphur dissolved in liquid steel, 


John Chipman 


H. +S=HS ‘g) 
was reinvestigated for the temperature range of 1530-1730°C and sulphur concen- 


trations up to 4.8 pct. 


The free energy change in the above reaction was established as a function of 
temperature. Values of the activity coefficient of sulphur were determined. The 
effect of silicon on the activity coefficient of sulphur was computed from the data 
of Morris and Williams. Using these coefficients it is shown that other recent dato 


| HE pronounced and usually deleterious effects of 
ilphur on all fe is metals and the resultant 


nece oO t control in metallurgical processes 


have stimulated mar investigations of the system 


- The ita re if hermodynamk 
iV ¢ the behavi of ilphur in molten iron and 
‘ , de the activity and free energy of the dis- 
ed sulphur and its heat of solution. Such data 
iso of theoretica nterest since there all too 
ttle information vailable concerning solutions of 
( SHERMAN G es ‘ M Inst 
Dept f Me ( ‘ 
ELVANDE! ‘ Deger 
’ er} 1. B.. Degerf Swede 
CHIPMAN, Me ‘ LIME Professor of 
Met gu. M Inst. of Te 


334—-JOURNAL OF METALS, FEB 1950, TRANSACTIONS AIME, VOL 


on the same reaction are in good agreement with the present results. 


nonmetallic solutes in metallic solvents 

It was the purpose of this investigation to attack 
the problem very directly by a study of equilibrium 
at several temperatures in the reaction 


H. (gas) S HLS (gas) {1} 


K pus a 


where the sulphur is present in the liquid iron in 
amounts up to several percent by weight. Such a 
method of attack is not new since several careful 
studies have already been reported. It is planned, 
to extend the study to other metallic sol- 
vents and particularly to determine the effects of 
the various alloying elements on the activity of sul- 
phur in liquid iron. This paper presents the results 
on molten iron-sulphur alloys containing up to 4 pet 
sulphur in the temperature range 1530°-1730°C 


however, 


Literature Review 


The significant researches on dilute molten solu- 
f sulphur in iron include those of Chipman 


tions of 


188 


" Tl i) pie ay ent to 
Transactions AIME before Apr. 1, 1950, and is sched- ST 
‘ for } t N 19 M ript received 


and Ta Li, Maurer, Hammer and Mobius,’ White 
and Skelly, Kitchener, Bockris and Liberman,‘ and 
Morris and Williams 

Chipman and Ta Li used the induction furnace in 
the temperature range 1513°-1640°C and studied 
melts containing 0.3-1.2 pet sulphur in the iron. A 
preheated mixture of H.S and H. was passed over 
the surface of a small pool of metal maintained at 
constant temperature. The metal was cooled rapidly 
and analyzed. The advantages of the induction fur- 
nace, the easy handling and the good stirring effect. 
are to a great extent offset by the steep temperature 
gradient in the system, which promotes thermal 
diffusion. This effect is especially serious when such 
a heavy gas as hydrogen sulphide is mixed with 
hydrogen, the gases near the hot surface becoming 
richer in the lighter gas. It now seems probable that 
in this instance the preheating of the gas was in- 
sufficient to prevent appreciable error from this 
source 

Maurer, Hammer and Mobius were chiefly con- 
cerned with melts that approached FeS in composi- 
tion. By passing hydrogen over FeS at varying flow 
rates and analyzing the exit gas for H.S, they were 
able to extrapolate to zero gas velocity to obtain the 
equilibrium constant. They reported only one melt 
which fell within the range studied in this investi- 
gation 

White and Skelly used a resistance-wound fur- 
nace to investigate the temperature range 1555 - 
1600 C. Small iron beads weighing about one gram 
were placed on an alumina tray and put in a closed 
reaction chamber of alumina. By taking the average 
value of in-going and out-going H.S/H, ratio and by 
picking the three runs giving the lowest values, they 
obtained an equation for the temperature de- 
pendence of the equilibrium constant. The narrow 
temperature range and high silicon contents, some- 
times as much as 2.6 pct Si, leave the equation in 
reasonable doubt. 

Kitchener, Bockris and Liberman have reported 
on a preliminary study of the effect of carbon on the 
activity of sulphur. Indirect estimates of the influ- 
ence of carbon on the activity of sulphur were re- 
viewed. Direct measurements were made on _ the 
iron-sulphur equilibrium for melts saturated with 
graphite. Preliminary results indicated that satura- 
tion of the melt with carbon approximately doubles 
the sulphur activity at 1560°C 

Morris and Williams conducted a very careful in- 
vestigation of the effect of silicon on the activity of 
sulphur in iron at 1615 C. In order to study the 
effect of silicon these authors redetermined the 
equilibrium constant for the pure iron-sulphur sys 
tem at 1615°C. They used a graphite-spiral-heated 
furnace. Thermal diffusion was avoided by bubbling 
the H.S-H. gas mixture through the melt. Dupli- 
cate Iron samples were taken with a two-bore re- 
fractory thermocouple tube by immersion in the 
melt and drawing up of a sample in the holes. Melts 
containing silicon were compared with the pure iron 
melts. Silicon was found to have a marked effect on 
the activity coefficient of sulphur 

The quantitative results found in these investiga- 
tions will be discussed when comparison is made 
with the results of this research 


Description of the Method 


The essential features of the method used by 
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Fig. 1—Induction Furnace for Equilibrium 
Measurements. 


Glass prism 38.5 x 34.5 mm 
Glass-window 1.8 mm 
Pyrex tubing 13.5. mm 
Terminals for the preheater 
Sampling opening 
Water-cooled brass head 
Preheater 

Radiation shield. alundum 
Heat insulation, alundum 
mm 

Induction coil 


K — Crucible 

L — Melt 

Alundum discs 

~ Supporting tube, alundum 

o Quartz tube 69 x 60 mm 

r Supporting disc, stainless 
steel 

Q Holes for gas outlet 

K Brass head 

s Stainless steel tube 
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Chipman and Ta Li have been retained in the 


esent work. A prepared mixture of hydrogen and 
hydrogen sulphide 


at constant 


was conducted over molten iron 
until 
eached. Instead of cooling the entire melt, how- 
| is were obtained during the 
ilica tubes 


rtinent part of the furnace 


temperature equilibrium was 


evel amples for analy 


un by solidification in small-bore 


Fig. 1 nows the pe 
assembly 


Induction heating was used because of its 


everal advantages for this type of study. The melt 
is constantly tirred throughout the run exposing 
new metal surface to the gas continually. The re- 
fractori ed do not reach the high temperatures 
found in re tance type furnaces 
The gas preheater tube was made of pure alumina 
and wound with 0.025 in. molybdenum wire. Silica 
n tl portion of the system was found to be objec- 
tionable because of its tendency to be transferred to 
the melt by the passing rough the preheater 
rhe crucibles holding the melt were made of high 
t ilumir n the following manner: Alumina 
de { n size 220 mesh, was dry ground for 24 
hr in a steel ball mill, after which water was added 
and the puly issed through an electromagnetic 
eparator t emove any iron particl The pulp 
vas treated with hydrochloric acid four times with 
‘ nd decantation after each wash. Water was 


idded in each wash until the leach solution reached 
naterial was then slip cast into 


After drying in air 24 hr, the cruci- 


| vere pretired at 1000 C and finally fired at 
800 C to a dense, translucent. white body. These 
( ( ‘ endured molten iron at 1725 C in an 
phere f hydrogen and hydrogen sulphide 
{ r i l2-h in without being affected. The wall 
f crucible aft ich a run contained less than 
remperature were measured by sighting a dis- 
pearir filament optical pyrometer on the melt 
The optical system consisted of a prism. a glass 
vind ind a gas column 55 cm in length. Calibra- 
the ten made against the melting 
t elect ‘ n at 15 C in a hydrogen 
tmosphere rhe true temperature wa ead from 
ilibrat chart of Dastur and Gokcen,.” which 


Fig. 2—Experimental Values of Log K’, Where 
p 
K’ 
p “e 
Sumbers indicate ratio 18 in entrant gas 
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Table I. Comparative Reproducibility of Gas Analyses 


Method No. 1 Method No. 2 
(Cds Precipitation) Asecarite Absorption) 
cus tl « HLS 2 liters 
G No 0.0008 0.0016 
0.0012 0.0015 
0.0016 0.0016 
0.0015 0.0015 
0.012 0.0016 
0.001 0.0016 
0009 
0.0014 
o.oolE 
Gas No.2 0.0017 1.0018 
0.0015 0.0017 
0.0018 0.0018 
0.0015 0.0017 
0.0016 


0.0018 
0.0016 


was determined under similar experimental condi- 
tions 

The melt was sampled by dipping a quartz tube 
through the opening in the upper brass end of the 
furnace and drawing up a sample of approximately 
6 cm length. The entire piece was analyzed. As a 
precautionary measure, the quartz tube was flushed 
with hydrogen to prevent oxidation of the sample 
by air 

Thermal diffusion was eliminated by 
preheating of the gas and by adding a heavy 
gas, argon, to the mixture. The preheater tube has 
a hot zone about 10 in. long where the wall was 
maintained at the same temperature as that of the 
melt. The flow of argon was controlled by a simpk 
capillary flowmeter. The usual argon flow rate dur- 
ing a run was about 500 m! per min 

The hydrogen-hydrogen sulphide mixtures were 
prepared by evacuating a tank that had been satu- 
rated with hydrogen sulphide, introducing a small 
amount of pure HLS and then filling with hydrogen 
The mixtures were allowed to come to equilibrium 
for at least three days and then analyzed before 
during and immediately after a run. The composi- 
tion did not change. The flow of this gas mixture 
into the system was controlled by a simple flow- 
meter that had been calibrated with pure hydrogen 
The usual flow rate for this mixture during a run 
was approximately 500 ml per min 

A representative run was carried out as follows 
Approximately 175 ge of 
melted down under an hydrogen 
The optical pyrometer was checked at the melting 
point. The argon and hydrogen-hydrogen sulphide 


mixtures we 


vigorous 
Inert 


electrolytic iron were 


atmosphere of 


re then introduced into the system. The 
increased until the melt was at the de- 
After the melt had been at 
constant temperature for an hour, the first metal 
taken and analyzed for sulphur. At 
hourly intervals the melt was sampled and analyzed 
until three samples 
sults. The melt was then considered at equilibrium 
with the gas. The gas was then analyzed for HS 
and H. by taking three described in 
methods of analysis. The run was terminated at this 
point, or a new run could be started by simply 
changing the temperature and repeating the process 


le SCI ibe | above 


power Was 


sired temperature 
sample was 


successive gave identical re- 


samples as 


investigators have 


standard volumetric 


Methods of Analysis: Forme: 


relied on some variation of the 
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Table I. Checks on the Method for Metal Analysis 


Steel No. 1 Pets 
National Bureau of Standards 0.274 
N 1298 0.273 
Recommer slue 0.274 
for S pet 0.27 
0.27 
0.273 
teel No. 2 Pets 
National Bureau of Standard 0.126 
No. 123 0.126 
Recommended value 0.126 
for S 0.126 
Combustio 0.133 pet 0.126 
HC iumetric — 0.126 pet 


method for determining sulphur in iron.’ This pro- 
cedure involves the precipitation of a metal sul- 
phide (CdS, ZnS, etc.) in an alkaline solution and 
subsequent titration with standard iodine or potas- 
slum iodate in conjunction with sodium thiosul- 
phate. This method was used to obtain the pre- 
liminary values shown in fig. 6. 

As pointed out by Morris and Wi!liams’ who pre- 
ferred a gravimetric method, this procedure has 
been shown by Lundell, Hofman and Bright’ to 
be of doubtful accuracy when used with varving 
weights of sample. The precipitation of CdS is 
shown by the same authors to suffer from an addi- 
tional degree of variability. The precipitate is 
photosensitive and exposure to sunlight in varying 
degrees leads to erroneous results unless a very 
rigid analytical technique is employed 

The analysis of H.S and H. gas mixtures can be 
performed in a manner similar to that used for the 
metal samples. When the sulphur sought for is 
already in the form of H.S, the determination is the 
same as described above with precipitation of a sul- 
phide and titration with a standard iodine solution 
The hydrogen is measured in a suitable collection 
flask of known volume 

After the first few results were obtained in this 
study, it was felt that an improved method of 
analysis for both metal and gas samples was de- 
sirable. The following method proved to be satis- 
factory 

Gas Analysis The mixtures that were passed 
over the melt contained three different gases: HS 
in amounts up to 1 pet, H, and argon. The exact 
percentage of argon was not required but an ap- 
proximate value was necessary in order to compute 
the extent of dissociation of H.S at elevated tem- 
peratures. This could be obtained with sufficient 
accuracy from the rate of flow 

The prepared mixture of H.S and H. was ana- 
lyzed before admixture of argon. Most acidic gases 
are readily absorbed on sodium hydroxide-impreg- 
nated asbestos (trade name Ascarite, Caroxite 
ete.). Ascarite absorption of CO. is very satisfactory 
in the conventional combustion method for carbon 
in steel. Its use was also found very satisfactory for 
H.S. The change in weight of an absorption bulb 
can be attributed directly to H.'S when a suitable 
drier such as anhydrone has been included in the 
bulb to trap the water of reaction 

Table I includes values for two different tanks of 
H.S-H. mixtures, where the H.S had been de- 
termined by the cadmium acetate volumetric 
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method and by a gravimetric method using Ascarite 
absorption. The values for the CdS precipitation 
are reported in grams per two liters of gas mixture 
so that they may be compared directly with the 
Ascarite absorption values where 2-liter gas samples 
were used. Actually the low percentages of H.S in 
the gases necessitated taking a 13.6 liter sample to 
precipitate CdS in amounts enough to titrate, an 
additional disadvantage of the volumetric method 
It can be seen that the deviation is much less for the 
Ascarite absorption even though a much smaller 
sample was used 

The necessary equipment for the Ascarite method 
includes tank, reducing valve, drying tower, nesbitt 
bulb, and hydrogen collection flask of known 
volume. 

When using this method, the drying tower must 
be saturated with H.S before use and the absorp 
tion bulb should be primed by running some of the 
gas mixture through it so that the bulb contains an 
atmosphere of pure hydrogen 

Metal Analysis: At first, it was felt that analysis 
of metal samples could be performed quite satis 
factorily using the combustion method. This was 
found to be true; the combustion method has been 
used to check most of the values reported. How- 
ever, an additional point should be considered 
When possible, the gas samples and metal samples 
should be analyzed by similar procedure to reduce 
the effect of inherent errors 

The analysis of the gas samples reported in table 
I involved a comparison of two analytical methods 
on a gas whose composition was not known exactly. 
This did not establish the validity of the method 
A standard reference of known value was needed 

In the conventional volumetric method of analy- 
sis for sulphur in iron, the samples are dissolved 
in HC1 with the evolved gases passing through an 
absorbing solution where a sulphide is precipitated 
Ascarite absorption may be substituted for the ab- 


Fig. 3—Equilibrium at 1600°C. 


The broken line represents Henry's law 


188, FEB. 1950, JOURNAL OF METALS 


¢ 
re 
i 
| 
J 
| 
3 37 
; 


n 
ib 


que 


338 


we 


Fig. 5—Logarithm of the Activity Coefficient as a 


Linear Function of Concentration. 


bing olution providing certain precautions are 
erved. The HC1 treatment of metal samples re- 


es the sulphur in iron 


t be eliminated before 


nd to do this admirabl 


H.S/H. ratios were 


known thermodynam 


tant dissociation of HLS at 


on 
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as HS and in addition 


H.O and HC1 are carried over through the train and 


the absorption bulb. The 
orption of HCl must take place in a medium 
ch does not absorb H.S. Very dilute HCl was 


The solution must be 


changed when the HC1 concentration becomes too 


high but ially performs very satisfactorily for 
it least ten determinations. The water is absorbed 
by anhydrone in a drying tower. The whole system 
Kept closed and the reaction products flushed 
through the apparatu with an inert gas uch as 
nit en 
‘able IT tnelucde the esults for two Bureau 
f Standards high-sulphur teel samples an- 
ed in th manner The usefulness of this 
nethod lie n the fact that it can be performed 
the mun f attention and 1 quits 
convenient to use when analyzir furnace sam- 
ple before the run has been completed. There 
herefore ( chance of terminating a run 
before equilibrium has been reached, which 


samples are not 
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Fig. 4—Apparent 
Equilibrium 
Constant at Four 
Temperatures. 


K’ = 


p % 


Extrapolation te gives the 
value of log 


H. (g) 1/2 S. (g) HLS [2] 
fo determine the equilibrium constant, the stand- 
ard free energy change for this reaction at each 
temperature must be computed. This may be done 
conveniently by determining AF” at 298° K and 
then using data of Kelley’ to obtain the increments 
in enthalpy and entropy above 298° K. The heats of 
formation and entropies of the three gases at 298° K 
are 

SH’, (Keal per mol) S° (cal per deg mol) 


HS 4.815 49.15 
H 0 39.211 
Ss 31.02 54.42 


The heat of formation of H.S and the entropy of 
hydrogen were taken from the data of the National 
Bureau of Standards” and the remaining values 
from Kelley.” The result, which is applicable in 
temperature range of these experiments, Is: 
AF RTinK 21,680 11.81T [2a] 

K ps log K 4740/7 2.582 

As an example of the computation, the ratio in a 
given run of argon: hydrogen:hydrogen sulphide 
was 1092:1000:2.94, the total pressure being 1.019 
atm. The temperature was 1900° K and accordingly 


Table UL. Experimental Results 


—Entrant Gas— 
Temp 
Kuen ‘ Pp Pp Pets corr.) K log K 
1.71 0.47 4 
2 ' 49 O.51¢ 1.11 2.82 254 


VOL 


; 
fe 
; 
ob 
j 
Ww 
might occur when metal 
P ; 7 2 2.520 
inalyzed until later P-6 1780 1.50 0.392 O8 1.60 $33 2.478 
P-7 1799 1.79 0.492 1.09 41 2.504 
§.1 154 0599 0.503 50 1.1% 2. 2627 
: Results and Calculations S-2 16) 059 0502 0.45 11 2 62 » 582 
s 17 oO. 5% 0501 0.38 1.17 0 p11 
Equilibrium runs were made at three different S-4 it ) Ho 0512 074 74 2.55 629 
s 60 4 0.68 17 4 595 
tempe e leve apt <imately 1530 1610. es — 0 882 ont 72 
and 1725 C with sulphur contents in the melt S-7 4 0.507) 1.12 2.54 2.2% ose 
617 12 0.500 099 2.52 2 593 
varying between 0.4 and 4.8 pct The results of 729 »49 533 
these runs are ect led in table III. The values 2.27 
1611 169 4 ‘ 244 613 
7 of the as analyses are reported both as deter- S-12 72 69 2 1.18 + 2.75 561 
2.2 7 2.01 22 ot 
mined at oom temperature and as corrected S-14 ‘ 2 38 0.506 1.79 140 2 4 609 
for dissociation of hydrogen sulphide at high 2.52 ‘ 
S-l¢ 2 2.71 2 0 2 686 
temperature 2 501 24 2.29 2.640 
The ct ected DY i ) 27 - or 722 9 2701 
A the data for the follow- 607 4 0 7.12 219 2.660 
“= > 69 89 2 2.592 
ing re t esents the only impor- ? 4.94 69 2.754 
4 449 “1 2 227 2644 
| 
J 
; 
> 


the value of K. was 0.82. Solution of the K,. equation 
yields a relative figure of 0.026 for S. on the above 
scale. The corrected ratio of pas/pn,is therefore 
(2.94 2 0.026)/1000 or 2.89 » 10°. Values of 
the corrected ratio are given for each experiment 
in table III 

Using the corrected H.S-H, ratios and the value 
for sulphur in the metal, it is possible to determine 
for each heat a value of K’, defined as 


PHS 


PH ‘ S 


K’, 


This is not the true equilibrium constant of the re- 
action. Observed values of log K’, of the S-series 
experiments are plotted against the reciprocal of 
the absolute temperature in fig. 2. The results for 
each given series using a constant gas composition 
are tied together by a straight line. Graphical inter- 
polation on these straight lines has been used to 
obtain values of K’, at selected temperatures. Since 
the sulphur content and the corrected gas ratio are 
not constant during a series but vary with temper- 
ature in a regular manner, the percentage of sul- 
phur and the ratio pu.s/pH: associated with each 
value of K’, have been obtained also by interpolation 

The experimental results, interpolated to a tem- 
perature of 1600, are shown in fig. 3. It is evident 
that the gas ratio is not quite a linear function of 
sulphur concentration, although the first three 
points fall nearly on a straight line. The ratio repre- 
sented by K’, is therefore not quite constant and it 
becomes introduce an activity 
efficient in defining the true equilibrium constant 

The data at four selected temperatures are shown 
in fig. 4 in which values of log K’, at each temper- 
ature are plotted against the weight percent of 
sulphur. At each temperature the points are ade- 
quately fitted by a straight line, the maximum 
deviation being of the order of 0.01 in log K’ 

In order to establish an equilibrium constant for 
the reaction we shall define the activity of sulphur 


necessary to co- 


Table IV. Data of White and Skelly, Corrected 


Kun (in) PetS Petsi K log K log f « log fx 
Il 7.12 4 1.12 2.09 2.680 0.089 0.084 
B-2 42 2.08 2.95 2.530 0.0% 0.15€ 
B 42 12 2.02 $05 2.516 0.029 01 
C-1 45 1 16 2.91 2.536 004 012 
4 4 I 4 1.52 60 2.4 00n5 0.11 
dD 204 1.74 {64 2.439 0.015 0.19 
E-1 15 2.10 2.79 2.554 0.030 1 
1 1.99 2.74 2.562 0.030 
578° 
1-1 71 2.09 204 206) 0056 01 
1-3 7.10 2.27 49 2504 6.061 0.15 
J-1 8&7 47 l¢ 252 2.599 0.094 0.122 
62 22 45 2 462 0049 
7 22 26 24597 051 0 
G 25 2.59 1104 
H 7¢ 2% 2.59 2 587 4) 0 
‘ 9 4 24 2.607 
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Fig. 6—Plot Containing All Experimental 
Values of Log K, as Function of 1/T. 


= preliminary runs: O = improved technique 


Fig. 7—Effect of Silicon on Activity Co- 
efficient of Sulphur. 


(Data of Morris and Williams.) 


in the melt on the same scale that we have used for 
its concentration, making a, ‘. S in the infinitely 
dilute solution. Further we define the activity 
efficient f. as the ratio a, /‘-S, its value being unity 


co- 


at infinite dilution. The equilibrium constant is 
then: 
PHS PHS 
PH a, pH 
Values of K, at each temperature are 
given by the intercept of the line at 0 
%S 
It is evident that log f, log K 
log K,. Values of log f, are shown in fig 
nee 5 as straight lines parallel to the lines of 
fig. 4. It is noteworthy that the line of 
has the highest 


highest temperature 
637 slope, indicating the greatest deviation 
from ideality. This unexpected result 
arises from the manner in whicn the 
682 lines of fig. 4 have been drawn, each line 
representing the points at one tempera- 
ture without regard to the slopes of the 
other lines. Actually a system of parallel 
lines would have represented the data 


2.566 

sane almost as well For this reason the 
temperature effect denoted by the lines 
of fig. 5 is not firmly established by the 
data and should be regarded as tenta- 

2 581 tive 

2.606 It is now possible with the aid of 

2611 activity coefficients from fig. 5 to com- 

ryt pute a value of the equilibrium constant 


for each datum of table III. These are 
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The straight line represents our 


best value for the equilibrium constant of the re- 


action and from it the following equations result 


HS 
log K 2150/T 1.429 
9840 T 


The latter may be combined with the equation for 


dissociation of HLS to give the following for the free 
energy of solution of gaseous sulphur (S.) in liquid 


31,520 5.277 


Comparison with Other Investigations 


Before the results of this research can be com- . 
Fig. 8—Comparison of All Published Data. 


Solid line represents authors’ results 


pared with those of previous investigators, some 
method must be used to eliminate the effect of the 


third element such as silicon which was present as 


in impurity in the work of Chipman and Ta Li and Was reinvestigated at temperatures up to 1730°C 

of White and Skelly. This element was added by and sulphur concentrations up to 4.8 pct 

Morris and Williams in amounts up to 9 pct and The ratio pu.s/pu, - ‘+ Sis not a true constant. To 

from their results its effect on the activity of sul- obtain the equilibrium constant, values of this ratio 

phur may be computed were extrapolated graphically to zero sulphur con- 
In the iron-sulphur binary system, it has been centration. Values of the activity coefficient f. were 
hown that sulphur has an activity coefficient less determined 

than unity (fig. 5). With the information gained in The free energy change in the above reaction was 

the study of the binary system it is possible to at- established as a function of temperature 

tuck ternary systems in a similar manner From the similar work of Morris and Williams, 
In any solution containing tron, sulphur and sili- the effect of silicon on the activity coefficient of sul- 

con the activity coefficient of sulphur is f. as pre- phur has been determined. The results are used to 
ously defined. We shall use the symbol f. to obtain values of the equilibrium constant from thei: 
epresent its activity coefficient in a pure iron- data and from those of White and Skelly. These two 
ilphur alloy containing the ame percentage of sets of data are shown to be in excellent agreement 
Iphur. The ratio of these two in the ternary we with those of this investigation 

hall call f The equilibrium constant of the H.S 
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The Manganese Equilibrium 


Under Simple Oxide Slags 


by John Chipman, John B. Gero and Theodore B. Winkler 


New experimental data are presented on the manganese equilibrium in liquid 
steel under simple slags consisting of the oxides of iron and manganese with small 
amounts of impurities. The new data lead to values of Ky. which are significantly 
higher than those of Kérber and Oelsen and in general somewhat above those of 


other investigators. 


Thermodynamic calculation from published data at lower temperatures gives 
results which agree fairly well with the experimental data. 
The distribution of oxygen between these slags and the liquid metal conforms 
to the solubility curve of Taylor and Chipman. 


N the basic open hearth process the reaction of 

manganese in the bath with iron oxide in the 
slag attains a condition very closely approximating 
true equilibrium, and the distribution of manganese 
between slag and metal during the refining period 
is determined by the tactors which control this 
equilibrium condition. For this reason a number of 
investigators have studied this reaction both in the 
laboratory and under various conditions of furnace 
operation 

The principle reaction and its 
stant are 


FeO (in slag) -+ Mn 


equilibrium con- 


MnO (in slag) -+ Fe (lq.) 


[1] 
(MnO) 
Ky 
(FeO), [% Mn] 
The symbols in parentheses represent activities of 


the two oxides in the slag which, in the simple slags 


consisting almost wholly of the two oxides, may be 


assumed equal to the respective mol fractions. The 


symbol (FeO), is used to denote the total iron oxide 


computed as FeO; or it is the sum of the mol frac- 
tion of FeO plus twice that of Fe,O, 


Early attempts to obtain laboratory data on this 
reaction suffered from failure to appreciate the great 
speed of the reaction. When slag and metal are 
cooled slowly together, the equilibrium shifts with 
temperature and the final compositions correspond 
to equilibrium at the freezing point rather than at 
bath temperature. The early work of Oberhoffer and 
Schenck’ and of Tammann and Oelsen’ apparently 
suffered from this source of error. In most of the 
other published laboratory investigations’.*." this 
error was not present but other uncertainties have 
existed, notably dependence upon optical tempera- 
ture measurements and exposure to atmospheric 


oxidation 
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Table I. Experimental Data 
Steel Analysis, Pet Slag Analysis, Pet 


Sample Te 


Number Mo Mno MgO 10 


Table HU. Equilibrium Constants 


TEMPERATURE °C 
1600 1650 1700 


Number 


tion 


num- Fig. 1\—The Manganese Equilibrium Constant. 


Cireles, data from Heats and 

data from Heat 

Octsen line 

tine Ul caleulated from low-temperature data Line IV 
present best average, Eq & 


squares 
Line I. equation eof Korber and 
average equation of Chipman (1034) 
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TEMPERATURE °F 
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Fig. 2—Distribution of Oxy- 

gen between Liquid Fe-Mn 

Alloys and Simple FeO-MnO 
Slags. 


Circles Heats E-S2 and 

Squares Heat D-65 Crosses 

manganese-free points from D-65 

The line represents data of Tayler 

and Chipman on solubility of oxy 
gen in iron 
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Another heat, D-65, was made and sampled by 
essentially the same technique the details of which 
have been described previously", the only change 
being elimination of vacuum melting. Sixty-five 
pounds of Armco ingot iron was melted in an open, 
magnesia-lined induction furnace. An atmosphere 
of hydrogen was then maintained over the melt for 
an hour to bring the carbon content below 0.01 pct 
The bath was then exposed te air for 25 min to 
remove hydrogen, the electrodes were put in place 
and the furnace was operated from this point on in 
an atmosphere of nitrogen. Ferric oxide was added 
to form the first slag and two pairs of slag and metal 
samples were obtained. Electrolytic manganese and 
manganese dioxide were added and sampling was 
continued over a period of several hours. Samples 
were obtained by dipping steel molds into slag o1 
metal respectively, the power being turned off mo- 
mentarily. Molds for metal sampling were in the 
form of split cylinders 4, in. id and 114 in. od, 2 in 
long. Slag molds were slightly larger. Temperatures 
were taken by tungsten-molybdenum thermo- 
couples encased in silica tubes. This led to a slight 


increase in silica content of the slag which was 
offset by occasional additions of the other compo- 
nents. Slags taken before and after these additions 
were analyzed completely, all others for iron and 
manganese oxides only. Estimates of impurities in 
the other samples may be obtained by interpola- 
tion. The thermocouples were from an entirely dif- 
ferent lot from those used in E-32 and E-38 and 
were independently calibrated 

The experimental results are given in table I 

Values of Ky, obtained from all three heats are 
assembled in table Il. In fig. 1 the logarithm of 
K, is plotted against the reciprocal of absolute 
temperature. For comparison the results of two 
previous studies are shown as broken lines. The 
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1600 1700 1800 
TEMPERATURE °C 


lowest represents the data of Korber and Oelsen‘ 
which, up to the present time, have been regarded 
as affording the most reliable values of the constant 
The second is the best average value selected by one 
of the authors to represent all data available in 
1934. The new data are substantially different from 
those of Korber and Oelsen. They are in somewhat 
better agreement with the results of Krings and 

Schackmann 
The distribution coefficient for oxygen defined as 
L FeO), [2] 


is also tabulated. Here (FeO), is the mol fraction 
of total iron oxide corrected for impurities by as- 
suming that all acidic components form compounds 
with the basic oxides. In these slags the correction 
is quite small. Values of L. are shown by the points 
in fig. 2. The line represents the solubility of oxygen 
in liquid iron under pure iron oxide slags deter- 
mined by Taylor and Chipman’. The agreement 
indicates that the distribution of oxygen between 
slag and metal is unaffected by manganese within 
the limited composition range that can be covered 
by the experimental method employed. It confirms 
Korber’s conclusion that the solubility of MnO in 
the bath is small 


Thermodynamic Calculations 


The data shown in fig. 1 are not sufficiently ac- 
curate to establish the relationship between Ky 
and temperature. The scatter of points would per- 
mit representation of the average result by a line 
of almost any slope. This slope, however, can be 
calculated from other data. Southard and Shomate’ 
have measured the heat of formation of MnO and its 
heat content up to 1300 C Kelley, Naylor and 
Shomate’ have established the heat content of the 
metal up to high temperatures. Similar data for 
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or of 


(FeO), is of the order of magnitude of RT In 0.988 
or about 45 cal. This can be ignored. 

Assuming ideality of the solution of manganese 
in liquid iron, its free energy” is: 


Mn (liq.) Mn; AF —9.11T [6] 


The four equations (3, 4, 5 and 6) may now be 
combined to give the free energy change in reaction 
(1) and a calculated equation for Ky,. 


Mn + FeO (liq.) Fe (liq.) MnO (lig.) [7] 
AF (calc.) 29,470 + 12.87T 
log Ky, (cale.) +-6440/T 2.82 


The line corresponding to this calculated equation 1s 
shown as line III of fig. 1. The agreement with the 
experimental results is better than is usually to be 
expected in such calculations. The best values for 
the manganese constant are represented by line IV 
which is drawn parallel to line III through the av- 
erage of the experimental points. The equation of 
this line is 


log Ky, (exp.) 1 6440/T — 2.95 [8] 


lonic Calculation: The slight uncertainty intro- 

duced by applying the free energy of Fe,O to an 

equilibrium constant involving (FeO), can _ be 

avoided by placing all calculations on an ionic basis. 

The reaction and its equilibrium constant then be- 
come 

Fe’ + Mn Mn Fe (liq.) [9] 

ay 
ay. “ Mn 


Values of this constant in these simple oxide slags 
are the same as would be obtained for the ordinary 
Ky, if only ferrous oxide rather than (FeO), were 
employed. These are shown in the fourth column 
of table II 

In the calculation of the ionic K*y,, Eq 3 and 4 
are applied to the ions Mn” and O © as being identi- 
cal with MnO. In the ferrous case, however, Eq 5 
is eliminated in favor of a corresponding equation 
involving Fe This is obtained from the calcula- 
tions of Chipman and Chang" whose Eq 4 follows: 


Fe (liq.) O Fe O [10] 
a, a 

K Oo 

log K + §6000/T 2.57 


This equation also represents fairly accurately the 
oxygen distribution data of the present experiments 
From it the free energy change of Eq 10 is: 


AF 27,450 11.75T 


We must combine with this another equation from 
Dastur and Chipman 


1/20 O; —27,930 0.57T [11] 
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Now bringing together Eq 3, 4, 6, 10 and 11 we 
have: 

Mn -+- Fe Mn” +- Fe (liq.) [12] 
AF 30,920 13.63T 
log K~ y, (cale.) +-6760/T — 2.98 
The line representing this equation is the broken 
line of fig. 3. The parallel solid line gives our best 
representation of the data. Its equation is: 


log K* y .6760/T — 3.09 


Adjustment: Eq 8 and 13 differ from the corre- 
sponding calculated values by only 0.13 and 0.11 
units in log K. The calculated values may be 
brought into agreement with the observed by an 
appropriate small adjustment in one of the equa- 
tions employed. It seems best to make this adjust- 
ment by altering Eq 3 so as to obtain full agreement 
with Eq 13. This is done by numerically increasing 
the entropy term 4.575 “ 0.11 or 0.50 units. The 
adjusted equation is: 


(exp.) [13] 


MnO (s) 
21.40T 


Mn (liq.) 1/2 O. (g) [14] 


AF 97,000 


It is evident that the same adjustment is required 
in Eq 7 and 12 to yield the experimental Eq 8 and 13 


Manganese Deoxidation: The maximum content 
of dissolved oxygen which may be present in 
equilibrium with slags containing only the oxides 
of iron and manganese is readily obtained from 
values of Ky, and L,. From Eq 1 and 2 we have: 


oO L./(1 + Kaa [% Mn]) [15] 


Using the value of L,, from solubility measurements 
and of Ky, from Eq 8 we obtain the results shown 
by the solid lines of fig. 4. These lines and their 
dotted extensions represent metal compositions in 
equilibrium with liquid slags containing only the 
oxides of iron and manganese. On account of un- 
certainties as to the exact form of the phase diagram 
for the system FeO-MnO, the exact point at which 
the solid oxide phase appears is somewhat uncertain 
The breaks shown in the curves correspond to points 
read from the liquidus line of Hay, Howart and 
White’. The broken lines representing equilibrium 
with solid oxide were not determined experimentally 
but were computed on the assumption of a constant 
value of Ky, in the solid solution. Needless to say, 
their positions are not accurately known 


Summary 


New experimental data are presented on the 
manganese equilibrium in liquid steel under simple 
slags consisting of the oxides of iron and manganese 
with small amounts of impurities. The new data 
lead to values of Ky, which are significantly higher 
than those of Kérber and Oelsen and in general 
somewhat above those of other investigators 
Thermodynamic calculation from published data 
at lower temperatures gives results which agree 
fairly well with the experimental data. An adjusted 
equation is derived for the free energy of MnO 
The distribution of oxygen between these slags 
and the liquid metal conforms to the solubility curve 
of Taylor and Chipman. This confirms Korber’s 
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under Slags Containing only FeO and MnO. 


conclusion that the solubility of MnO in the bath 
is small. 
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some Effects of Phosphorus and Nitrogen 


by G. H. Enzian 


Study of the effects of simultaneous small variations in phosphorus and nitrogen 
contents on the properties of low carbon steel show that these two elements have 
concomitant effects. The amounts of both elements present must be known to 
evaluate properly the significance of a change in either. 


properties and behavior of low carbon steels control measure, but it did not meet 
are important considerations to both the manufac- favor or support; as a matter of fact, the Jernkon- 
turer and the user of such material. For one thing, toret was rather sharply criticized for 
these two elements are the principal points of dis- the paper. In the intervening vears a 
tinction between the chemical compositions of Bes- papers have been published on the subject of nitro- 
emer and open-hearth grades Further, open- gen in steel. As a result, it is now generally recog- 
hearth steels themselve nay vary considerably in nized that nitrogen can have an important 
nitrogen content depending on the raw materials on the properties and behavior of steel and that the 
and practice used. In addition, appreciable amounts presence of this element should be considered 
of rephosphorized open-hearth steels are being used any systematic study of factors affecting steel qual- 
at the present time in some low alloy, high strength ity 
grades and in certain other cases. For these and In 1932, Graham’ introduced the concept that the 
other reasons, it was felt desirable to obtain more quality of various steels could conveniently be eval- 
complete knowledge of the effects of simultaneous uated and compared in terms of “sensitivity”, 
mall variations in phosphorus and nitrogen content was defined as “the characteristic reaction 
on such properties of low carbon steel as tensile a piece of steel toward brittleness or hardness.” 
strength, impact toughne ensitivity to cold work, concept formed the basis for a broad research pro- 
and strain agin A long range investigational pro- gram into factors causing variations in the quality of 
gram designed to furnish such information, was commercial steels. At an early stage of this work, it 
carried out, and the present paper summarizes some became apparent that the observed effect of either 
of the data currently obtained phosphorus or nitrogen on the sensitivity 


depended, in no small measure, on how 


General Discussion 


carbon steel Neverthel n spite of the volume pecifving the approximate amount of 

of data on the ibject, the use of phosphorus for element 

this purpose has always been handicapped by wide It seems desirable, at this point, to discuss briefly 
spread feeiing that it esence makes the tee! the distinction between strain-sensitivity and strain 
brittle, difficult to cold work, and unreliable at low iging as used in this paper. In the early 
temperature rt belief on the part of some steel ts development, the work-brittleness test 

user not entirely istified in many case and will be described in more detail later) 


schedu 


‘ rh 
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On the Properties of Low Carbon Steel 


HE effects of phosphorus and nitrogen on the directly the use of nitrogen content as a quality 


the other of these two elements was also present 


The strengthening effect of relatively mall Indeed, the combined effect of phosphorus and nitro- 
amounts of phosphorus in steel has been recognized gen in steel may often be more important than the 
and to some extent utilized, for many veat A num- specific effect of either. With a few exceptions, 


ber of investigators have pointed out, from time to is not possible to predict accurately the effect on 
time, that under proper conditions of control, phos- steel properties of a change in the amount of either 
phorus can be a useful alloving element in low phosphorus or nitrogen in the steel without 
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Fig. 1—Effect of Phosphorus on tensile properties. 
Note that the effect of 
tensile properties is somewhat 
(0.004 0.006 pet) than in the higher 
steels 
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Table lL. Work-Brittleness Test Results 


nstressed) 


fa steel 
Specimens were nor- 
mally tested within a few hours after the cold work- 
dav 


ing operation, although on some occasions a 
or two might elapse before testing. As work on the 
general subject of the effects of cold deformation 


appreciable 
place with some 
after 
variations due 
teels 


to an acceler- 


ated aging treatment. Thus, the test actually show 
the extent of embrittlement resulting from the com- 
bination of cold working plus strain-aging embrit 
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Fig. 2--Effect of Nitrogen on tensile properties. 


The effect of nitrogen on tensile properties is similar to that 
of phosphorus but there is considerable scatter of the individ 
ual values 
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use the less cumbersome term, “strain-sensitivity”, 
in referring to this behavior 

A test for aging capacity should be used in con- 
junction with the work-brittleness test in order 
to obtain an indication of the role of strain aging 


in the strain-sensitivity of a steel. For example, if 


the work-brittleness test results on a steel show 
ensitive behavior and the aging test doc not indi- 
cate appreciable strain aging, it is then apparent 
that the embrittlement obtained was due primarily 
to the effect of cold working. If the test results show 


both sensitive behavior and high aging capacity, the 
observed embrittlement must be considered to be 
the result of both the cold working operation and 
the effects of strain aging. Although it appears pos- 
ible that a non-agir teel n ht b relatively 
sensitive to cold work, no indicatior have been 
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found which would support the possibility of an 
aging steel being insensitive 
Material and Methods 

To obtain material with varying phosphorus and 
nitrogen contents but having a uniform history in- 
sofar as steelmaking and processing practices were 
concerned, a number of 25-lb induction furnace 
general ranges of chemical 
composition were prepared 


heats of the following 


Compesition 


Series ‘ Mn r s 


The heats were made in acid crucibles and the 
desired phosphorus and nitrogen contents were ob- 
tained by blending selected open-hearth and Bes- 
emer scrap. The only additions made to the heats 
were small amounts of ferromanganese to meet the 


carbon and manganese specifications, and sufficient 
ferrosilicon to assure sound ingots in the 3x3 in., 
big-end-up, hot top molds. It was originally in- 
tended that the ranges of phosphorus and nitrogen 
contents to be studied would encompass the varia- 
tions normally encountered in low carbon, Bessemer, 
open-hearth, and duplex steels. This was accom- 
plished reasonably well with the exception of Bes- 
emer-range nitrogen content. It will be noted that 
the upper nitrogen limit in these induction furnace 
heats was 0.013 pet; this is somewhat below the 
normal range of 0012 to 0.020 pct nitrogen fo 
Bessemer steel The reason for this limitation is loss 
of nitrogen in remelting high nitrogen scrap. It 
was observed that when melting scrap containing 
less than about 0.008 pct nitrogen there was a ten- 
dency for a nitrogen pick-up. With scrap containing 
more than about 0.012 pct nitrogen, some nitrogen 
was lost in making the heat. This behavior has 
been observed by others and has recently been noted 
by Dickie 

The ingots were rolled in a laboratory mill to 11s 
n. square bars which were cropped at top and bot- 
tom, cut in hal and identified a top or bottom 
These lengths were rolled to 54s in square 
‘dat 1650/1675 F before testing 

The composition of the material tested was de- 
termined on drillings 


sections 


bars and normaliz 


n the ingot approximately 


1'» in. below the hot top portior 
The relative aging susceptibility of 
teels wa measured by the increa 
trengeth at 900 F ove! the roon m 
trengtl Similar blue heat” tests huve been used 
by a number of investigators ; i rapid means of 
obtaining an index of strain aging capacity. It hi 
been observed that, with agir tee the tensile 
trength at * blue heat temperature (400 »00 F) 
in ‘ ist i t ‘ i 
tabilized tre h re } 
stantial inchanged « ho ht decrease fron 
the oom temperature \ é rt behavior ha 
been eX] ned « the ba that at the elevated 
testi ire t iKe e duru 
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the test and the test specimen increases in hardness 
and strength as it is deformed. The choice of 500° F 
for the test temperature was an approximation and 
was selected for convenience. 

The strain-sensitivity of the steels was deter- 
mined using the work-brittleness test in the manner 
described in a previous paper.” Briefly, the test con- 
sists of cold drawing a round bar, tapered from 0.450 
to 0.475 in. diam, through a 0.450 in. die. The 

drawn bar, with varying amounts of 
cold work (0 to about 10 pet reduction 
in area) along its length, is at 450°F 

. (230 C), and broken in an Izod ma- 
chine 

Impact toughness was determined us- 


a ing round Izod specimens broken at room 
Varyins temperature in the course of the work- 
~ brittleness studies. The amount of ma- 
1004 0.01 terial available was insufficient for de- 

tailed study of the low temperature im- 
pact behavior of these steels 
30 
a 
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Fig. 3—Effect of Nitrogen on aging behavior. 
The change in aging characteristics with change in nitrogen 
content is most marked below about 6.008 pet nitrogen. Note 
that data for beth high and low phosphorus steels are in- 
cluded in this graph 


Tests were made on top and bottom sections of 
the heats and check analyses for phosphorus and 
nitrogen were run for each test. In the case of ten- 
ile tests for aging behavior, two specimens were 
machined from a single short length, one for room 
temperature testing and the other for testing at 500 
F. Millings for check analysis were obtained from 
material between the two specimens. In the work- 
brittleness tests, millings were usually taken from 
that portion of the specimen which was gripped 
n pulling it through the die and which was between 
the cold drawn part of the test and the unstressed, o1 
standard, Izod specimen. When additional tests were 
made on any of the heats. millings for analysis were 
taken from the broken specimens 

Test Results 

Tensile Properties: In order to present the test 
data conveniently, the heats were grouped into high 
and low nitrogen, and high and low phosphorus 
categories and the results have been plotted graphi- 


ally 

Fig ] hows the effect of phosphorus in low 
(0.004/0.006 pet) and high (0.011/0.013 pet) nitro- 
ren steels. It will be noted that, in general, increas- 
ng phosphorus increased the vield point and tensile 
trength of both the low and high nitrogen steel: 
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Fig. 4—Effect of Phosphorus 
on work-brittleness test 
behavior. 
Variations in phespheorus from 0.015 toe 
20 pet resulted in a greater change tn 
reaction of the low nitrogen steels 
to cold werk than similar phosphorus 
variations in the higher nitrogen material 
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Fig. 5—Effect of Phosphorus on strain sensitivity. 

These data shew that the change in strain-sensitivity with 

change in phesphorus content, particularly below about 0.120 

pet phosphorus. is more marked in low than in high nitrogen 
steels 


However, it is interesting that in the low nitrogen 
steels, a definite effect of the phosphorus on the 
tensile strength was not apparent for amounts less 
than about 0.050 pct. In the higher nitrogen steels, 
the data show a progressive increase in tensile prop- 
erties with phosphorus over 0.020 pct. It is also 
interesting that, in the low nitrogen steels espe- 
cially, phosphorus had a greater effect on the ulti- 
mate strength than on the yield point. Variation in 
phosphorus had little effect on the elongation and 


10 


reduction in area values for these steels, and the 
results have not been plotted. 

The effect of nitrogen on the tensile properties of 
low (0.012/0.020 pet) and high (0.096/0.123 pet) 
phosphorus steels is shown in fig. 2. In general, 
nitrogen affects these properties in a manner similar 
to phosphorus. Although the data are limited, the 
results indicate that variation in nitrogen content 
in low phosphorus steels results in a somewhat 
greater change in the yield and tensile strengths 
than similar nitrogen variations in high phosphorus 
steels. Apparently, when appreciable amounts of 
phosphorus are present, the effect of nitrogen on 
tensile properties is largely overshadowed by the 
influence of phosphorus. As was the case with 
phosphorus, variations in nitrogen content had little 
effect on elongation and reduction in area values 


Aging Behavior: Study of strain-aging suscepti- 
bility, based on the increase in tensile strength at 
“blue heat” over the room temperature strength, 
indicates that phosphorus does not noticeably affect 
this behavior of steel, the general level of the in- 
crease being essentially independent of variations in 
phosphorus from about 0.012 to 0.120 pet 

The effect of nitrogen on the increase in tensile 
strength at 500°F is shown graphically in fig. 3; 
data for both high and low phosphorus steels have 
been included. Changes in nitrogen content up to 
about 0.008 pet were accompanied by pronounced 
changes in aging characteristics but beyond that 
amount, the increase per unit of nitrogen change 
became progressively less. These results appear 
particularly significant since they indicate that 
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Fig. 7—Effect of Nitrogen on strain sensitivity. 
In low phosphorus steels the effect of nitrogen on sensitivity 
is more pronounced when present in amounts greater than 
about pet. Variation in content within the 
limits studied. affects this behavior of high phosphorus steels 

relatively little 


minor Variation in the nitrogen content of low 
nitrogen « hearth steels result in a greater 
change in agin isceptibility than similar varia- 


tions in steels Containing nitrogen contents In excess 


of 0.O10 pet 
Strain-sensitivity: The work-brittleness test re- 
ilts are listed in table 1. Because of the confusing 
maze of curve which would be obtained if an at- 
tempt were made to plot each test, the results were 


immarized and the effect of phosphorus is shown, 


chematically, in fig. 4. It i een in the figure that 
any generalization on the effect of phosphorus on 
trauw ensitivity must be qualified according to the 
nitrogen content of the teel. It will be noticed 
that with 0.004 to 0.00¢ ct nitrogen, variation in 
hye f 0.120 pet esulted in a 
train- tivit covering the full range 
fror ceptionally insensitive to very sensitive be- 
havior. On the other hand, the higher nitrogen steels 
eve tl ‘ f low phosphorus content eemed to be 
nherent er tive to cold we king, and the change 
! er tivit with change n phosphoru covered a 
omewhat 1 owe! inge than was the case with 
‘ on ¢ tent 
In order t trate the effect of varving phospho- 
‘ er more quantitative 
manne the Izod rue btained at each percentage 
‘ the test neluding the un- 
( ed ‘ vere totalled for each work-brittle- 
t lt method ve i relative measure of 
en work-brittlens curve and pro- 
iT nvenient index fe expre ng the test 
esult negle numl It is apparent that an 
tive stee have a high total and a sensi- 
tive ‘ 
I ! [ were lled in th mannet 
nd Tect hown This 
} tn e ciea that the low 
‘ t} change ensitivitvy with in 
ere pho vradua ip to about 0.080 
mm 1 be rie n ‘ ipid between 0.080 and 
0 ) t Ihe é t t' f the } he 
‘ ‘ er t 0.015 pet phosph 
‘ or te i t O.ORD 
t pl At abe ) ) pet pl ! the 
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The amount of phosphorus needed to cause a decrease in Izod 
toughness depends on the amount of nitrogen present 
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Fig. 9—Effect of Nitrogen on Izod impact. 
The effect of change in nitrogen between 6.005 and 6.018 pet 
on Ized toughness is dependent on the phosphorus content 


low and of high phosphorus steels is shown in fig. 6 
It is seen that the change in sensitivity with in- 
creasing nitrogen covers a wider range in the low 
phosphorus steel than in the higher phosphorus 
material. The effect is shown graphically by plot- 
ting the total of the work-brittleness Izod values fot 
each specimen against nitrogen in fig. 7. It will be 
noted that. in the low phosphorus range, the change 
in sensitivity with increasing nitrogen is not very 
great up to about 0.009 pct nitrogen. With higher 
nitrogens, however, the effect is more pronounced 
and a difference of 0.001 pct in the nitrogen content 
results in a marked difference in strain-sensitivity 
With phosphorus between 0.096 pct and 0.117 pet, 
variations in nitrogen content produce a less pro- 
nounced change in sensitivity to cold working than 
in the low phosphorus steels. It would appear from 
the figure that a high phosphorus steel with 0.004 
pet nitrogen is, roughly, equivalent in sensitivity 
to a low phosphorus steel with about 0.013 pct 
nitrogen 

Impact Toughness: The effect of phosphorus on 
room temperature Izod toughness is shown in fig. 8 
Although it is generally considered that phosphorus 
ontributes tothe embrittlement of steel, the amount 
of phosphorus necessary to cause a drop in impact 
toughness can be seen to depend on the nitrogen 
content. With nitrogen in the range of 0.004 to 0.006 
pet, phosphorus did not become an embrittling agent 
| mtent in excess of about 0.080 pct was 
eached. On the other hand, with a nitrogen content 
f 0.011 to 0.013 pet. the Izod impact toughness fell 
off continuously with increasing amounts of phos- 


phor 
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Heat A-691: 0.0% pet phosphorus; 0.006 pet nitrogen. Heat A-G85: pet phosphorus; 0.006 
pet nitrogen. Heat A-612: 6.012 pet phosphorus: pet nitrogen. Heat 0.125 pet 
phosphorus; 6.012 pet nitrogen. Micrographs 100X; etched § pet Nital. Normalized 1650° 1675°R. Note 
the apparent effect of phesphorus on grain coarsening: no noticeable effect of nitrogen and 
low phosphorus. and high phosphorus. a and low nitrogen. and high nitrogen 
The presence of appreciable amounts of nitrogen sound ingots would be obtained from the small in- 
also is generally assumed to result in brittleness of duction furnace heats. Before concluding, it seems 
steel, but it was found that the effect of nitrogen, in appropriate to mention briefly some of the effects 
this respect, depends a great deal on the phospho- of deoxidation practice on the properties under con- 
rus content. This can be seen in fig. 9 where it Is sideration. This subject has been discussed in more 
shown that, when the amount of phosphorus present detail in a previous paper,” where it was shown that 
was low, increasing nitrogen contents up to about the effect of nitrogen on the strain-sensitivity of 
0.013 pet actually raised the Izod value of these undeoxidized (rimmed) steels is, in general, appli- 
steels. But with steels containing phosphorus within cable to silicon-killed material, but not always to 
the usual Bessemer range, increasing amounts of steels killed with aluminum. When properly made, 
nitrogen resulted in a continuous decrease in Izod aluminum-killed steels, whether open-hearth o1 
toughness Bessemer, are insensitive to cold work as measured 


by the work-brittleness test This effect of alumi- 


Microstructure: Micrographs illustrating the ex- 
num on strain-sensitivity has been associated with 


tremes of phosphorus and nitrogen combinations 


used in this study are shown in fig. 10. All samples the formation of aluminum nitride.” However, it 
were normalized at 1650° to 1675 F. There was no still is not known whether the aluminum nitride 


indication of phosphorus banding in any of the contributes to insensitivity merely by rendering the 


samples examined. This may be due to the very nitrogen inactive or whether the presence of the 
rapid rate of freezing obtained in the 3x3 in. molds aluminum nitride is actually beneficial ia 
which, together with the silicon-killed practice, The effect of aluminum killing on the sensitivity 
tended to minimize segregation. The only noticeable of a low phosphorus steel high in nitrogen could be 


lained rather easily on the basis of the nitrogen 


effect of either element on microstructure was the exp 
higher percentage of Widmanstatten structure in being rendered inactive. Low phosphorus steels are 
the high phosphorus steels. The low phosphorus insensitive to cold work when the nitrogen content 
steels contained only traces of this structure. and no is low (fig. 6 and 8). Thus. an aluminum-killed, low 
differences in structure due to nitrogen were noted phosphorus steel high in nitrogen (such as heat E 
These results would seem to indicate an effect of in fig. 2 of the paper by Work and Enzian”) ha “ 
phosphorus on grain coarsening, but this possibility train-sensitivity characteristic imilar to the same 
has not been thoroughly explored teel with low nitrogen content. Application of thi 
Effect of Deoxidation Practice: The steels used in reasoning to the high phosphorus steels is hampered 
the present study were silicon-killed in order that by the fact that even with the lowest nitrogen con- 
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tent available for study (about 0.004 pct), silicon- 
killed, high phosphorus steels are rather sensitive to 
cold working (fig. 6 and 7), whereas a similar steel, 
is insensitive. It may, of 


when aluminum-killed 
course, be possible that a high phosphorus steel 
containing no nitrogen would be insensitive to cold 
working even though not aluminum-killed. This 1s 
an interesting possibility, but one that requires 
rather severe extrapolation of the lower curve of 
iv. 7 which the available data do not appear to 
iustify. Therefore, although the present evidence Is 
admittedly indirect, 1t seems reasonable te suspect 
that the effect of aluminu a-killing on the properties 
of low carbon steels probably goes somewhat be- 
yond mere “fixation” of the nitrogen 

It should be mentioned that other deoxidizers, 
notably titanium and vanadium and some other less 
commonly used elements, will, under proper condi- 
tions, produce result imilar to those observed with 
aluminum. It is known that these elements can aiso 
form stable nitride in steel, and, in this respect, 
behave similarly to aluminum Further work on the 

ibject is currently in progress and, with the recent 
development of an analytical technique which per- 
mits determination of the form of nitrogen In steel, 
it is hoped that these studies will soon lead to a 
better understanding of the role of nitrogen In steel 
and the mechanism of control of properties by de- 
oxidation 

Discussion of Results 


Sefore discussing the results of the present study, 


it might be interestin to review Stromeyet 
observations of forty years ago on the effects ot 
phosphorus and nitrogen In teel. After testing 26 
different “qualiti of steels for isceptibility to 
notch brittlen and aging, Stromeyer, in 1909 
concluded Nitrogen is a far more dangerous im- 
purity than even phosphoru and ts determina- 
tion is a relatively simple matter, no ! vestigation 
which deals with a steel failure can be considered 
complete if the percentage of nitrogen has not been 
determined.” In the light of present knowledge, thi 
indeed ave advice even though it has received 
eneral acceptance only in recent years In 1910 
Stromever simplified some of his previou calcula- 
tions and reached the more specific conclusion that 
b veight. nitrogen was five time as effective as 
pl phorus in its effect on b ittlene 
In a recent study of the properties of a modified 
low nitroger basic Besseme teel, Dickie’ con 
cluded that the basi iggested by Stromever was 
as f ia u a ming. of course, no fixation of 
the nitroger He reported that the relative merits 
of the steel in relation to work-hardenins isceptl- 
bility could be determined using the index (P 
1000. He further concluded that the maxi- 
mun ndex f capped steel for tube-making Is 80 
The question of the validity of this empirical quality 
cont riche not within the scope of this pape 
Howeve t sl 1 be ointed out that in neithe 
f these et em Va cl ive evidence pro- 
ded 1 t the busi one ition that 
t er et ‘ is effective i hospnoru 
The re t btained im the resent investigation 
ndicate that ar enera thor is t the elative 
effectivene f eithe or nitroge the 
propertle carbon steels w 1 be onl 
mit f ni t 
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The absence of an effect of phosphorus, between 
0.012 and 0.120 pct, on aging behavior is of particu- 
lar significance. For a considerable period of time, 
it had been felt that strain-sensitivity and strain 
aging were merely different manifestations of the 
same basic behavior. However, the present tests 
indicate that the effect of phosphorus Is primarily 
that of embrittlement by cold working rather than 
by strain-age embrittlement and that nitrogen in 
certain forms causes both strain aging and embrittle- 
ment during deformation. 

The observed differences in the effects of phos- 
phorus and nitrogen, depending on the amount of 
each present, are of direct practical significance For 
example, dephosphorization of Bessemer steel ac- 
complishes relatively little from the standpoint of 
sensitivity, when the nitrogen content Is high. On 
the other hand, an equal amount of phosphorus re- 
duction in low nitrogen material produces a marked 
improvement in sensitivity These results indicate 
that appreciable quality advantages could be real- 
ized from the development of blowing practices to 
produce low nitrogen Bessemer steel having a phos- 
phorus content less than about 0.080 pct. The same 
data can also be used to show that rephosphorizing 
open hearth grades to phosphorus contents higher 
than about 0.070 pct results in an abrupt increase 
in sensitivity. These phosphorus changes likewise 
have significant effects on the tensile properties 
With low nitrogen content, appreciably greate! soft- 
ening is obtained per unit of phosphorus removed 
than in high nitrogen steel Similarly, in rephos- 
phorizing open-hearth steel, the tensile strength in- 
creases rapidly above about 0.060 pct phosphorus. 

The data show that reduction of the nitrogen con- 
tent of acid Bessemer steel can be expected to pro- 
duce a relatively slight improvement In sensitivity 
as compared to the advantage gained in a_ basic 
practice. It is also shown that the nitrogen content 
of duplex practice open-hearth steels is a significant 
factor, although the change in sensitivity with a 
given increment In nitrogen 1s less pronounced be- 
low about 0.010 pct nitrogen than above From the 
standpoint of strain aging behavior, however, the 
most significant range is below about 0.009 pet 
nitrogen. 

Deoxidation with aluminum and certain other 
elements has been shown elsewhere to alter the 
effects of phosphorus and nitrogen observed in 
silicon-killed, capped, and rimmed steels Little 
work has been done on determining the extent to 
which aluminum deoxidation restrains the em- 
brittling effects of other elements such as arsenic 
It should also be mentioned that variations In the 
amounts of carbon, manganese, sulphur, etc. present 
mav have some influence on the effects of phospho- 
rus and nitrogen. As more work is done in this field, 
certain aspects of inter-relationships between con- 
stituents become clearer, but at the same time new 
questions arise. Further study is indicated to explain 
more fully the various factors affecting brittleness 
in mild steel 

Summary and Conclusions 

Study of the tensile and impact properties, sens!- 
tivitv. and strain aging of a number of induction 
furnace heats containing varying amounts of phos- 
phorus and nitrogen has brought to light several 
nteresting and important facts concerning these 
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two elements in low carbon steel. Although the 
effect of one in the absence of the other has not been 
determined, there are indications that phosphorus 
and nitrogen exert additive effects and, with the 
exception of strain aging behavior, the relative 
amounts of both elements must be considered in 
evaluating either. In the case of strain aging, phos- 
phorus apparently contributes so little that the 
aging behaviors of high and low phosphorus steels 
with the same nitrogen contents are virtually in- 
distinguishable. 

Based on the results of this study, it may be con- 
cluded that, from a practical standpoint: 

1. Nitrogen variations in low phosphorus steel 
have a greater effect on its properties than 
similar variations in high phosphorus material 
Phosphorus variations in low nitrogen steel 
produce a greater change in properties than 
similar variations with high nitrogen contents 
3. Deoxidation with aluminum, and certain other 

elements, alters the above observations. Thus, 
the degree of nitrogen “fixation” is of import- 
ance and must be known for intelligent evalua- 
tion of steel quality based on chemical com- 
position. Recent developments in the field of 
analytical chemistry indicate that such de- 
terminations are now within the realm of prac- 
ticability. 
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Special Mounting Techniques 


by Earl C. Roberts 


O facilitate some recent microscopic investiga- 
tions it was necessary to devise special mounting 
techniques for the polishing of two quite different 
metallographic specimens. These techniques are ex- 
tremely simple and are submitted for whatever 
value they may be to other investigators 
The first specimen mount proved very satisfactory 
for the study of untempered martensite. Since it 
was undesirable to heat the specimen, lucite or 
bakelite mounting materials could not be used in 
the conventional manner. A cold mount was made 
by drilling a hole of the same diameter as the speci- 
men in a cylindrical piece of polystyrene then press- 
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ing the steel specimen into the hole on an ordinary 
vise. A prefabricated disk of lucite should work 
equally well. The only precautions necessary are 
that the hole be drilled out cleanly and the piece 


of steel be pressed into the plastic uniformly, other- 
wise the mount will crack 

The second type of mount was required for the 
study of slag specimens by reflected light. Mounting 
these specimens in bakelite and then attempting to 
rough finish the surfaces on graded emery papers 
resulted in a considerable amount of chipping and 
breaking out of the slag particles. This made further 
satisfactory polishing almost impossible It was 
found, however, that if the bakelite-mounted speci- 
men was first rough finished to a point where a 
good specimen surface became visible, the interstices 
in the specimen surface could be filled and the 
polishing completed. This filling was accomplished 
by placing a small amount of lucite powder in the 
bottom of the steel specimen mold then reinserting 
the bakelite-mounted specimen on top of the lucite 
powder. Reheating the mold to the proper tempera- 
ture and applying the required pressure resulted 
in the formation of a thin disk of lucite on the bottom 
of the bakelite specimen. By carefully grinding the 
lucite away a uniform surface including the slag 
specimen was obtained and further polishing was 
unhampered by slag disintegration. 
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Microstructure of Iron Silicon Alloys 


As Developed by the 


by R. Wachtell 


This paper attempts to present, by means of a succession of micrographs, a 


Powder Metallurgy Process 


literal picture of a portion of the diffusion process occurring in iron-silicon powder 
compacts. It discusses the metallographic characteristics of Fe-Si alloys (‘especially 
in the 6 pct Si range), compounded by the powder process, and describes various 
misleading pseudomorphic structures encountered in microscopic investigation. An 


N order to study better the phenomena at work in 
various phases of diffusion of the Fe/Si system 
when compounded and alloyed by powder metal- 
lurgy methods, several attacks have been planned 
Electrical, hardness and othe 
discussed elsewhere The metallographic 
phenomena will be considered here 


the metallography of the ferrosilicon 


been 


Concerning 
alloys, some initial discussion is in order. As this 
laboratory discovered to its chagrin, there are many 
traps that lie in wait for even the experienced metal- 
with alloys of high silicon 

probably the anomalous 


under conventional etch- 


ographe! when he deal 
content Chief of these 


behavior of these materials 


We have before us, for instance, Corson’s papet 
of 1928, wherein is mentioned and illustrated (prob- 
ably for the first time) the peculiar “barley shell” 

I WACHTELI ociated with American Electro 

etal C ration, Y ers, N.Y 

LIME Ne Yor \ g, Feb. 1950 

I t WME before Apr. 1, 1950, and will be 

N 1950. Manuscript rece ed Oct. 17, 1949 
icture sometimes found in these alloys. Again in 
L941" the ime author reports the structure in 5-14 
pet or t Houghton and Becker mention its 
presence but make only tentative effort to explain 
t In 194 Hurst and Riley discussed the “ba ley 
he i declared to be a false structure, result- 
‘ ivr and characte tic tilm-form- 
ing pro} f the all At about the same time 
Wraze I ved correct the contentions of Hurst 
and Rule est hing pretty well the mechanisms 
of formation and identifvir the constituents in- 
volved 

Hurst and Riley also describe in their papel 
(1943) a cracked filn icture i a pseudo- 
morph, the I e of which th do not sug 

est. Care il ¢ i on of such a film reveals that 
it not only cracks but be to curl away from the 
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etch is described which indicates Si content within certain rather wide ranges. 


measurements have 
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surface of the metal and peel, much in the manner 
of flaking paint. The careful microscopist will be 
able to focus on the topmost edge of the flake, and, 
by optical sectioning, follow it down to the metal 
surface. We have been able, by oblique illumination 
of such specimens, to observe the raised segment of 
the film, the shadow that it casts, and the mating 
segment on the metal into which it fits. As late as 
1946, Hurst and Riley’ found occasion to correct mis- 
interpretation of this “cracked film” structure in a 
work by others on a 12 pct Si/Fe alloy 

The “barley shell” and “cracked film” pseudo- 
morphs are not the only ones encountered in studies 
of these materials. A third pseudomorph, which 
may, however, have some structural significance is 
a fine striation of the surface. Closely spaced and 
parallel striae extend entirely across single grains. 
Each grain shows a different direction for the striae, 
and different closeness of the spacing. The regular- 
ity of this structure, and the fact that the striae do 
not cross from one grain to another, suggest that the 
structure is a film cracking controlled in some way 
by the crystal plane orientation of the surface be- 
ing etched 

In general it is wise for the metallographer dealing 
with these alloys to cultivate a feeling of uncertainty 
not only of the more complex questions of inter- 
pretation, but also of the basic question of whether 
that which he sees is indeed a true representation 
of the structure. We have taken, as a first test of 
the validity of a structure, its reproducibility “in 
situ” after repolishing and re-etching of the samples 
Thus we knew the “barley shell” to be false (fig. 1) 
even before encountering the definitive works on the 
subject 


The Metallography of Silicon Diffusion in Lami- 
nate Bars: As a first step in the study of the metal- 
lography of the diffusion process, we have pressed 
These bars, or “sand- 
wiches” as we have termed them, were pressed with 
covering layers of iron powder, and a “filler” of 
the Fe/Si master alloy under study. Bar dimensions 
were approximately 42 x 3 x 14 in. The total 


a series of laminate bars 


| 
2 
4 
tea 


Fig. 1 (top)—10 pet Silicon-Iron alloy homogenized 
by 9 hr of sintering at 1180°C. 


Iron fluoride crystals which constitute the “barley shell 

pseudomorph nucleate first at any surface discontinuity 

Grain boundaries, cracks, pores, ete. are therefore preferred 

sites. If etching is continued, the entire surface is covered 

with barley shell Re-etching after a re-polish results in 

different crystal deposit patterns. X00. Etchant: 15 pet HF. 
15 pet HCL, 70 pet Picral 


Fig. 2 and 3—Diffusion process in laminate bar 
75/25 Fe/Si master alloy, end composition 10 pet Si. 
Fig. 2 (center)—Interface of master alloy powder with iron 


powder. Condition: As hot pressed (1080°C). Picral 
etch 


Fig. % (below)—Interface of same laminate bar shown in fig 
2 after sintering 25 min at 1180°C X300. Picral etch 


Fig. 4 and 5—Diffusion process in laminate bar 
75/25 Fe/Si master alloy, end composition 10 pet Si. 
Fig. 4 ‘above)—Interface of laminate bar showing the effect 
on the pearlite of diffusing silicon. The specimen shown is 


the same one illustrated in fig. & (hot pressed, plus 25 min 
sinter) X100. Nichols partly crossed. Picral etch 


Fig. 5 (below)—The same laminate shown in fig. %. 4%, 4 after 

an additional » hr of sintering at timed An interface neo 

longer exists. The entire compact presents this uniform sub 
stantially single phase ferritic structure 


amounts of powder used were adjusted to yield a 
final analysis of given type. Some specimens were 
hot pressed (1080°C), some cold pressed, and all 
were sintered for varying lengths of time. After 
each of the sintering stages, a segment of the bar was 
removed for microexamination, and the balance of 
the bar returned for further sintering. The types of 
material used are listed in table I 

Let us consider the microstructure developed in 
these laminate bars. Fig. 2 shows the interface of a 
hot pressed bar compounded of 75/25 ferrosilicon 
master alloy. The lack of diffusion between the iron 
grains and the large ferrosilicon particle is quite evi- 
dent. Fig. 3 shows this interface after a 25 min sinte 
at 1180 C. The initial site of the iron powder within 
the compact is outlined by the extent of its char- 
acteristic porosity, which persists to the line of the 
more completely densified zone at the upper portion 
of the figure. Above this densified zone (and out of 
the field of this figure) is a zone of unconsolidated 
individual Fe/Si powder particles. An interesting, 
albeit confusing, element is added to the picture in 
the form of carbon incorporated either in the pow- 
ders themselves, or picked up from the graphite dies 
during hot pressing. Fig. 3 shows clearly the pres- 
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Fig. 6 and 7—The “Barley Shell” etch as used to Fig. 8 and 9—Diffusion process in 6 pet Silicon-Iron 
indicate Silicon diffusion in fron. compacts, as hot pressed from Iron and 75/25 
Fe/Si master alloy powders. 
Fig. & (above)—The dark areas in this micrograph are pearl- 
ite colonies, the lamellae unresolved at the low magnification 
used The light areas are diffusing Fe Si particles X00 
Al-sehel ledine etch 


Fig. © (above)—The effect of the “Barley Shell” etch when 
applied te the specimen illustrated in fg. 4, 


Fig. 7 (below) The effect of the “Barley Shell” etch on that Fig. & ‘(below)—The specimen of fig. & etched with the 
vone of the same laminate ‘fig. 3. 4. 6) but at the interface “Barley Shell” etch The pearlite colony has been severely 
with unconsolidated and undiffused master alloy particles at attacked, and no detail remains. X500. Etchant: 15 pet HF, 
the center of the bar 15 pet HCl, balance 4 pet Picral 
f pearlite in the iron powder. It also shows The cold pressed specimens show, after 25 min 
arly its absence from the densified zone, the area sintering, a similar pattern to the as hot pressed 
mmediately below it, and its progressive elimina- compacts. After long sintering (9 hr) even the lam- 
tion from the zone of partial diffusion adjacent to inate bars present a large grained substantially 
the iron powder. Taking advantage of the behavior single phase structure (fig. 5) throughout. 
ff pearlite in polarized light, the micrograph in In tracing the pattern of diffusion, a use has 
4 has been taken (nichols crossed), showing the been found for the “barley shell” structure of Cor- 
ic effect on the pearlite of the advancing son. This hinges upon the fact that the “barley 
Ihrig” has shown that carbon rejected shell” can be produced, according to Corson, at 
F absorbs silicon (during siliconizing) from 5-14 pet Si, and most easily forms at from 
he zone under the silicon boundary, and 8-10 pet Si. Thus, although Wrazej has produced 
ives analyses of nings to demonstrate this. This these markings on pure iron, by etching with 1:1 
lite buildup is plainly visible in the HF and saturated picral, we find, with Corson, a 


pattern of peat 
strong difference in the tendency to form “barley 


laminates after longer sintering times 


Table L. Types of Material Used 


Typical Analysis, Pet 


Powder Employed 
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Fe Mn Cr Al Ca si ™ 
Elect 0004 065 
Be. if of 0 070 0 trace 154 


te, 
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Fig. 10 and 11—Structures of 6 pet Si. Compacts 
hot pressed from Iron and 75/25 Fe/Si master alloy 
powders, and sintered for varying times. 
fig. 10 (above) —After a 25 min sinter at the struc 
tures shewn in fig. 4 & are altered to that shown above 
The carbide-like phase forms a grain boundary constituent tn 
mest of the compact. some graphite appears. and only occa 
sional patches of pearlite may be found X50. Pieral etch 
Fig. It (below )—After a total of 12 hr of sintering, the inter 
granular phase fig is virtually eliminated from the 
microstructure Picral etch 
shell” markings, depending on the Si content pres- 
ent. Fig. 6 and 7, are micrographs of the diffusion 
zone of the same laminate illustrated in fig. 3 and 4 
after etching with a “barley shell” producing etch 
The abrupt cessation of the barley shell where the 
diffusion zone contacts the unconsolidated maste1 
alloy powder (fig. 7) is plainly evident, especially 
in the small particle in the middle of the field. A 
compact compounded with 85/15 master alloy shows 
the barley shell even in the undiffused Fe-Si pow- 
der at the center of the laminate. Therefore we may 
say that this etch* delineates barley shell in a range 


limit is above 15 
and whose lowe! 


f Si composition whose uppe! 
pet Si, but lower than 25 pct Si, 
limit lies below 6 pet Si 
Interpretation of the 
conditioned by several factors. If the implications of 
Ihrig’s data 
accepted at face value, 
substantially carbon-free where the diffusing 


regarding 
then the structures obtained 
will be 
silicon has pushed the carbon back (or perhaps 


more correctly, has permitted the diffusion to pro- 


structures observed must be 


carbon migration may be 


Fig. 12 (above)—6 pet Silicon alloy as hot-pressed 
from pre-homogenized powder. 


Pieral etch 


Fig. 13 (below)—Hot pressed (upper), and hot 
pressed plus a 25 min sinter at 1180°C (ower) 
compacts. 

These are compounded of pure Fe and pure Si, end compe 
sition 50 pet Fe, pet Si, Pieral etch 
ceed only in one direction because of the low carbon 
solubility in the silicon-containing areas). Yensen 
gives a solubility limit (in ferrite) of 0.007 pet for 
carbon in allovs of 4.7 pet Si and above; a value 
perhaps not inconsistent with Ihrig’s 0 pet, probably 

analyzed by cruder methods 

Under these circumstances, with carbon largely 
eliminated as an interfering phase, one may foliow 
the iron-silicon binary with reasonable security 
The system, up to about 15 pct Si, falls within the 
ngle phase (a) (ferritic) region 
* When we speak 
‘ rigid nd 


‘sandwiches” 


In the 


cent to the 75/25 master 
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* The etch used in producing these structure cor ted of 15 pet 
HF, 15 pet HCl, balance 4 pet pict variation in thought as to what constitutes the correct constitutior ; 
tent her ene « ent, t the loop 
co Dr J. 1 Nort nformed u 
that he finds ur takable lence f te ei n X tud 
b'e in the Xr pattern at 167 petofs 
therefore, we have, adja- 


Fig. 14 and 15—Diffusion of Iron and Silicon in 
hot pressed compacts of pure Fe and pure Si, end 
composition 50 pet Fe, 50 pet Si. 


Fig. 14 (above)—Diffusion of Si inte Fe particle. X500. Picral 
oh 


Fig. 15 (below)—An exceptional case, in which the diffusion 
zone is intact and grades continuously from pure Si (lower 
right) to relatively pure Fe at the center. X00. Picral etch. 


rite varying from about 15 pet Si, at its upper 
vont to about 4.7 pet at that point in the structure 
}), where the secondary phase (carbide?) be- 

gins to appear. At about 4 pct Si, again according 
to Yensen, carbon goes into solution up to about 
0.02 pet; from 0.02 to about 0.10 pet it is precipitated 


as carbide. It appears to be the area of carbide pre- 


3.7 to 4 pet Si content, that is 
ned in the zone fig. 3 under discussion. No 
raphite hi along the diffusion 
Presumably the high solubility 
pure iron ts responsible for its 


ation occurring 
been observed 
line of the 
carbon 
IDsence 
The Metallography of Silicon Diffusion in Com- 
Mixed Powder: An essential difference 
where the 
have been mixed in the conventional manner, 


pacts of 
occurs in the diffusion proces powders 
rather 
Si diffusion oc- 
gration can proceed only inward 


laminates. Here, as 
nee each 
neighbors 8 and 9 show the 


ture developed in a 6 pet Si alloy, compounded 


more ol 


25 master allov powde in the “as hot pressed” 
Considerable diffusion, it will be seen, 
occurred, Th a situation which did 
the laminate illustrated. It will be 
the hot pressed laminate shows 
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no diffusion of Si into the iron powder. Although the 
precise reason for this is not entirely understood 
at this time, one explanation suggesting itself is 
that temperature control during hot pressing (man- 
ual, with the aid of an optical pyrometer sighted 
upon the outside of the graphite die), is sufficiently 
inexact to permit moderate fluctuation of the press- 
This 
would be very important where hot pressing ts in 
the region of formation of a liquidus, which, in a 


ing temperature from specimen to specimen 


master alloy of 75/25, would be reached at about 
1190-1200 C. This does not seriously alter the 
micromechanics of the diffusion process, but simply 
retards it. Thus a specimen which has failed to 
diffuse in hot pressing will reach the condition nor- 
mally associated with that state after about 25 min 
of initial sintering time 

At higher magnification the rejection of carbon as 
pearlite in the center of the iron particles is easily 
seen. Etching with barley shell-producing etch gives 
the results shown in fig. 9. The original Fe-Si grains 
are reduced to about 15-20 pct Si, the areas im- 
mediately surrounding the pearlite colonies have 
too little Si to vield a barley shell, i.e., between 5 
and 0 pet Si probably from 3.5-4 pct, since traces 


of carbide appear 


188 


| 
of If 
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gk 
4 
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of 7 
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Fig. 16 (above)—The result of application of the 
“Barley Shell” etch to diffusion structures in hot 
pressed pure Fe/Si mixtures. 


(See fig. Etchant 


5 pet HE, 15 pet HCl, balance 


4 pet Pieral 
Fig. 17 (below)—A 25 min sinter produces this 
effect in the hot pressed compacts of pure Si/Fe 
mixtures. 


wo 


It can be seen readily that continuing diffusion of 
silicon will cause precipitation of carbide and/o 
graphite in a site roughly along the axis of the exist- 
ing pearlite colonies. This does in fact occur. Fig 


10 is a micrograph illustrating the microstructure 


of the same compact after a 25 min sinter at 1140 C 
An intergranular carbide-like phase is abundant, 
forming a grain boundary constituent in much of 
the specimen 
scattered remnants of pearlite colonies can be ob- 
served 


Some graphite is also present, and 


A few words of comment must be devoted to the 


“carbide-like phase” mentioned. Hurst and Riley 
discuss a “cementite-like phase” occurring in higher 
silicon (10-15 pct) cast irons, which, to judge from 
their photographs, (their fig. 2), strongly resembles 
the phase here under discussion. Hurst and Riley 
report that an alkaline picric acid etch failed to 
blacken their phase, thus confirming a 
prior observation of Kriz and Poboril,” who sug- 
gested that perhaps silicon in solution in the carbide 
phase had modified its behavior toward the etch 
Our own test indicated that the “carbide” phase in 
fig. 10 darkens when etched with the alkaline sodium 
picrate etch. Some minimal silicon content may b 


“carbide” 


Picral etch 


necessary to confer upon the carbide the etch resist- 
ance discussed above. Such an assumption seems not 
unreasonable. Anomalous behavior (for a carbide) 
was observed in testing the hardness of this con- 
stituent. Tests with an Eberbach microhardness 
tester, using a 27 g load, indicate a hardness aver- 
age of VPN. 325 tor observations on different car- 
bide particles. Avery’ has reported microhardness 
values for a number of different types of carbide, 
the lowest value reported being VPN, 885. This 
great difference in hardness must necessarily cast 
some doubt on the identification (admittedly incom- 
plete) of this phase as a carbide phase, or at least 
invests it with some unusual properties for a carbide 

Further 
structure as shown in fig. 11 
phase alpha (ferritic) structure is attained 
and inclusions (mostly oxides and silicates) persist 


sintering of this compact produces a 
Substantially a single 


Porosity 


to some degree. It is interesting to note that if a 
fully diffused compact is crushed and then re-hot- 
pressed, a compact immediately results which com- 
pares favorably in microstructure with those of long 
time sintering. Fig. 12 shows a 6 pct Fe/Si alloy 
made from such a pre-homogenized powder in the 


“as hot pressed” condition. There remains a small 
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amount of “carbide” phase, but the structure 1s, 
again, predominantly single phase alpha. It is of 
yr gnificance tnat resistivity measurements 

de upon such compacts give values identi al with 


ose found in mixed powder compacts sintered for 


12 hr or more 


he implications are, of course, that with some 
refinement of technique it may be possible to hot 


pre these alloys without the need for long homog- 
enizing treatment, and the virtually unavoidable 
difficultic of hrinkage and other dimensional 


es which accompany such a process may be 
eliminated. All alloys discussed are quite brittle, 
and present no problem in pulverizing 

Certain interesting phenomena were observed in 


hot pre ne powders compounded of pure silicon 
and pure iron. Compacts made from these powders 
are prone to “blow up” in initial sintering, even after 
hot pre n F 13 incorporates two specimens 


mixed from pure Si and pure Fe powders, end com- 


position 50 pet Si. The specimen on the top Is in 
the “as hot pressed” condition; the specimen on the 
bottom hown after 25 min of sintering at 1180°C 


rhe “blowing up” effect is plainly visible in the 
microstructure, especially the formation of charac- 
teristic blister everal of which are plainly vis- 
ble, in section, in the micrograph 

Che diffusion of pure Si into Fe can be observed 


n studies of these compacts. Fig. 13 (upper) shows 
n area in the hot pressed specimen including silicon 
au ron and iron/silicon diffusion zones. The 
pecimen has been etched in picral, and the iron 
wder has been most heavily attacked. The silicon 
particles may be identified by their characteristic 
neular contour, as well as their resistance to etch- 
hat area of the iron grains into which Si has 
ed ilso re tant to etch attack, but the 
inded outline of the iron particle persists. Fig 
14 illustrates the case of an iron particle, partly 
fTused ith S An Si particle may be observed in 
the upper portion of the micrograph and the contact 
nm visible between it and the iron particle. The 
eparation between these two particles at a point 
DV pri contact a typical feature. The Si 
tic e themselves quite hard and brittle, aver- 

it VPN 1000, and the high licon iron 
ev extremely brittle lespite its much lower 
Irie (VPN 400-500) It mav be that the 
ht wn ment esulting from mounting pres- 
movement in cooling resulting from differ- 
ce n coefficient of expansion are responsible fot 
the enera paration of the Si particles from the 
( t te ble ‘ ch of the field di closed a 
tile u hict ich separation had not occurred 
I 15 illustrate th particle and the appear- 
e of the diffusion zone. Application of the “bar- 
le he producit etch produce the tructures 
hown 16. The previously unattacked white 
on mn contact with the ron particle develop 
thie t icture characte tic of the »-15 pet Si range 
Here an interesting question arist According to the 
Ir Silicon Phase diagram, a hown by Greiner, 
Marsh and Stoughton, at icast five } hi s exist (at 


mm 100 pet Si 
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to 100 pet Fe, and, according to the Metals Hand- 
book (1948 ed.), four.” As we are told by the studies 
of Rhines” and others, we should discern each of 
these phase changes in diffusion zones which, afte: 
all, extend in concentration from 100 pct Si to at 
least moderately low Si content in the center of the 
Fe particle. 

This is not the case. Examination of fig. 14 and 15 
discloses no such zones, but only the original 5: 
particle, the white diffusion zone adjoining it (5-15 
pet Si in Fe?) and the purer iron core We do not 
attempt any explanation of this phenomenon at this 
time 

After sintering for 25 min at 1180 C, however, 
a complex structure does begin to develop within 
the powder particles. Fig. 17 shows a particle after 
such treatment. Three, possibly four, phases may 
be identified in the micrograph. These probably 
consist of the epsilon, eta, zeta, and theta regions, 
since the iron present will probably have picked up 
sufficient Si to be removed from the alpha phase 
rezion. We are again using the diagram of Greiner, 
Marsh and Stoughton. 

Conclusions 

We have endeavored to provide, in this paper, a 
literal picture of some of the processes occurring 
during the diffusion of iron, iron/silicon, and silicon 
as compounded by the powder metallurgy process 
The specimens utilized are in most cases identical 
with specimens used by Glaser in his studies of the 
resistances of these alloys, and these writings may 
be consulted by those interested in the relation of 
the electrical properties to the metallographic state 
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The Use of 


W. O. Philbrook, 


Radiocalcium to Study the Distribution of Calcium 


Kenneth M. Goldman and 


Radicactive calc'um has been used to learn whether calcium can be dotected 


Between Molten Slags and Iron Saturated with Carbon 


Martha M. Heizel 


in iron saturated with carbon after it has been melted under CaQ-AlO.-SiO. slags 
similar to those used in the iron blast furnace. It was hoped that the radioactive 
tracer technique might make possible a general study of steelmaking reactions in 
which calcium or calc.um oxide are involved. No calcium could be found in the metal 
under cond.tions which were favorable for the reduction of calcium, and it has been 
concluded that the calcium content of the iron was less than 6x10 pct. Some of the 
problems encountered have been instructive with regord to pitfalls and limitations 


ADIOACTIVE calcium has been used to learn 
whether calcium can be detected in iron satur- 
ated with carbon after it has been melted under 
CaO- AlO,- SiO. slags similar to those used in the 
iron blast furnace. It was hoped that the radioactive 
tracer technique might make possible a general 
study of steelmaking reactions in which calcium or 
calcium oxide are involved. No calcium could be 
found in the metal under conditions which were 
favorable for the reduction of calcium, and it has 
been concluded that the calcium content of the iron 
was less than 6 x 10° pet. Some of the problems 
encountered have been instructive with regard to 
pitfalls and limitations of tracer methods 
Calcium oxide occurs in almost all iron- and 
steelmaking slags, and it is essential to the success 
of all commercial basic steelmaking processes. Cal- 
cium alloys are sometimes used in the deoxidation 
of steel and for the innoculation of gray iron. The 
element calcium is therefore almost as ubiquitous 
in the steel industry as are carbon and oxygen, but 
calcium has been thought to be completely immisci- 
ble with iron in both the liquid and the solid states 
It does not seem entirely unreasonable to suppose 
however, that some low concentration of calcium 
might exist in liquid iron under a basic slag with 
other conditions being favorable, just as silicon and 
other elements can be introduced into iron by re- 
duction of their oxides from slags under appropriate 


of tracer methcds. 
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circumstances. The radioactive tracer technique of- 
fered a more sensitive method than chemical analy- 
sis of testing this supposition 

The reasons for interest in this investigation were 
strong enough to justify a recognized risk of failure 
On the theoretical side, information on the distribu- 
tion of calcium between liquid iron and a slag and 
the rate at which the equilibrium distribution is 
approached would contribute strongly to the gen- 
eral theory of slag-metal interface reactions. Fur- 
thermore, any evidence on the presence of calcium 
in liquid iron might provide a vital clue to the 
mechanism of the desulphurization of iron by slags 
All of the reactions which have been proposed to 
explain desulphurization postulate that the sulphur 
ultimately becomes fixed in the slag as calcium 
sulphide, but the mechanism by which sulphur 
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Fig. l1—Aluminum weighing bottle-funnel 


to know whether there 
reasonable probability that calcium sulphide 


It would be interesting 


standpoint, a direct deter- 


reaction products 


available to indics 
a theoretical value calculated by Chip- 
teel in equilibrium with 


was planned te 


of the CaO-SiO -AlO 


inadequate even 
, It Was impossible to 
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complicated by 
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the work, the experiments of Series II were con- 
ducted in a similar manner but using a high specific 
activity separated isotope unit” of Ca“ which was 
verified to be free of P 


Experimental Methods and Equipment 


Radiocalcium: Radioactive calcium-45 has a haif- 
life of 180 days and emits only beta radiation (elec- 
trons) having a maximum energy of 0.25 Mev”. The 
first source of Ca’ was an irradiated unit containing 
approximately 0.8 me of Ca’ in 25 g of CaCO, target 
material. The unit of radiocalcium for Series Il 
experiments contained 0.9 mc of Ca” as CaCl. in a 
few ml of solution, with a specific activity of 26 
me per g of calcium. This was converted to calcium 
oxide, with the addition of inactive calcium, as will 
be described later. 

Special Precautions for Radioactive Experiments: 
Information on the safe handling of radioactive iso- 
topes is now easily available.’ The precautions for 
this investigation included the use of protective 
coveralls, surgeon’s gloves and caps, and air-line 
respirators. All of the melting work, sample prep- 
aration, and chemical manipulations were carried 
out under enclosed high-velocity hoods, and samples 
were cut and filed under kerosene to control dust 
In order to minimize the possibility of contamina- 
tion by dusting during the mixing of the radioactive 
calcium carbonate with other slag constituents, the 
weighing bottle-funnel shown in fig. 1 was con- 
structed. After thorough mixing of the slag con- 
stituents in the closed container, the long neck B 
was inserted into the crucible to transfer the con- 
tents with a minimum of manipulation and dust 
hazard. Prior to experiments with radioactive ma- 
terials, several rehearsals or “cold runs” were made 
using exactly the procedures and precautions that 
were intended for the “hot runs” in order to foresee 
and eliminate as far as possible any serious experi- 
mental difficulties or health hazards which might 
interfere with the active runs 

Radioactive counting methods are described later 

Melting Apparatus: The melting equipment was 
the simple induction furnace setup shown schemati- 
cally in fig. 2. The graphite crucible was 1 in. in 
inside diam and 3%4 in. deep with ', in. wall. It 
was suitably insulated and enclosed in a fused silica 
tube with ends sealed so that a helium atmosphere 
could be maintained. Temperature was measured by 
means of an optical pyrometer 

Experimental Procedure, Series I: The metallic 
charge of 20 g of ingot iron was premelted to satur- 
ate it with carbon and allowed to freeze in the cru- 
cible. Powdered slag constituents sufficient to form 
the amount and composition of slag shown in table 
I were added by means of the mixing container 
previously described, and the metal and slag were 
then melted. Starting time was taken when the slag 
reached the desired temperature 

After the melt had been held at temperature for 
the desired length of time (see table 1), the crucible 
was quickly lifted from the furnace and dropped into 
a hole in a block of copper, which cooled it about 
900 C in the first minute. The rapid freezing was 
done to minimize migration of calcium from the 
metal during cooling and freezing. The crucible was 
then broken away, the slag separated from the top 
of the ingot, and the metal was carefully cleaned by 
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; a it is influenced by temperature and by the com- 
position of the slag or [EB would b« 
cabs of practical utility The t } } now : 
calcium vapor at 1 atm pre ire 
a ‘a In order to learn whether calcium could or could 
ie not be detected in iron with sufficient sensitivity to 
: be useful, the first experiment HEED be a 
oe mple slag-metal exchange reaction under condi- 
74 tions favorable to a high calcium recovery in the 
. oo metal. The radiocalcium was introduced as CaO 
nto a slag system (similar to 
} blast furnace slags) of about the highest CaO con- 
: tent which would give a fluid slag at temperatures 
iy Y close to 1600 C (2900 F). The slag was allowed to 
eact with hquid iron in a graphite crucible under 
in inert (helium) atmosphere to provide strong), 
7 reducing conditions Since the ensitivity of the 
tracer method prov for 
tudy toward more ng 
“Y conditions as had been planned. No attempt has ; 
3 been made to determine a true olubilitv by holding 
; the iron in equilibrium with calcium vapor 
Early experiments, designated as Series I in thi 
paper, were the presence of a trace 
ext (estimated as a few parts per million) of radiophos 
phoru in the irradiated unit of calcium car- 
oa wi bonate After elaborate procedure had been 
: developed to eliminate purious counts from the 
P*, no radioactivity attributable with certainty to 
a “2 Ca’ could be detected in the tron. In order to verily 6 
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filing all surfaces to avoid contamination of metal 
samples by slag particles 

Filings taken from the first ingot, T-1, had a 
specific activity of 55 counts per min per mg of 
iron, which was several orders of magnitude greater 
than anticipated. A contact exposure of a photo- 
graphic film against a flat section produced uniform 
darkening of the emulsion with no evidence of seg- 
regation. To check these observations, the active 
slag from heat T-1 was melted over a new bath of 
iron to make ingot T-2, which showed an activity 
of only 6.4 c/m/mg. A third melting of the same 
slag over new iron produced ingot T-3 having an 
activity of only 0.5 c/m/mg. These results were en- 
tirely anomalous if the activity were due to Ca-45, 
but as the counting data became available, the re- 
corded activity was found to be consistent with the 
14.3 day half-life and 1.7 Mev maximum energy of 
P*. The chemical behavior of the activity was also 
consistent with the known behavior of phosphorus 
in slag-metal systems under reducing conditions, 
both in heats T-1 to T-3 where the activity entered 
the metal, and in heat T-4 where the activity from 
ingot T-1 failed to partition with a new, inactive 
slag. A demonstration that the 14-day radioisotope 
could be separated from the radiocalcium carbonate 
by precipitation (with phosphate carrier) as am- 
monium phosphomolybdate served as the final con- 
firmation that the high counts of the first two ingots 
came, not from Ca‘, but from a minute amount of P 
which had been in the irradiated unit as it came 
from Oak Ridge 

After the phosphorus contamination had been re- 
moved from the active slag by the first two extrac- 
tions with molten iron (heats T-1 and T-2), any 
Ca’ which might have been reduced and have en- 
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tered the iron was present in too low a concentration 
to vield a positive count above “background.” It 
then became yecessary to separate the calcium frorm 
the large bulk of iron in order to concentrate the 
radioactivity to a high enough specific activity to 
be measurable. This was done by adding a small 
amount of ordinary calcium to a solution of the tron 
from ingot T-3 to serve as a carrier to precipitate 
the minute amount of calcium which might have 
been dissolved in the iron. The details of the sep- 
aration are given in a later section. The radio- 
activity of the calcium precipitate from this sep- 
aration was so close to the background level that it 
was uncertain whether any activity really was 
present 

In order to make a check run, a new and more 
basic slag was purified by two extractions with mol- 
ten iron to remove P", heats T-5 and T-6. This 
slag was then held at 1550 C for 90 min over a new 
iron melt in heat T-7. A calcium separation from 
this ingot gave a faint count which seemed to be 
originating from a trace of P* rather than from Ca 

These results from Series I experiments were not 
conclusive so it was decided to repeat the experiment 
under more favorable conditions. A new allocation 
of radiocalcium was obtained and found to be free 
of troublesome impurities. Even though pilot test 
had proved it to be reliable, the involved wet chem- 
cal separation of calcium from large amounts of iron 
was the cause of some misgivings, and it was be- 
lieved that it could be replaced by the extraction 
of the calcium from the iron in the molten condition 
by a second, acid slag from which the calcium could 
easily be recovered by conventional slag analysi 
and counted. The calcium content of the metal could 
then be calculated because most of the Ca“ atoms 
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Table I. Summary of Data 


slag Composition 
pet by wt 


Specific Activities 
d per min per me 


we we 
Temy T me Alo slag Wt. Active tron 
series Ne ‘ mon so MgO Iren Slag Zere Time Remarks 


r2 Slag from T-1 20 64 72,600 17 47 
T-2 20 05 68,000 17 47 


from the metal would be found in the second slag were dissolved in HCl, and the solution was 
Experimental Procedure, Series Hl: 1. Melting adjusted to 1.5 to 2 normal. One-half gram 
r} tire c) G The high specific ac- of iron was found to be the maximum quantity 
tivity calcium chk ile obtained from the Atomic that can be handled conveniently as iron cup- 
Ene y Comn on contained only about 35 mg of ferrate 
tot ilctum in solution To aliquots of this solu- 2. lron was precipitated as iron cupferrate by the 
tion were added amounts of CaCO, sufficient to pro- addition of fresh 6 pet cupferron solution 
le the weights of CaO needed for the slag as 3. The iron cupferrate was removed by successive 
licated in table I The calcium wa precipitated extractions with chloroform 
vith an exce of ammonium o» ite at pH4. and 4. Excess cupferron in the aqueous solution was 
the calcium oxalate was dried and ignited to CaO destroyed by successive evaporations with 
it 1000 C HNO, and HCl 
rhe experimental procedure was the same as that >». Calcium itn the aqueous solution was precipi- 
esc! ed tor Serie I heats except that a consider- tated with an excess of ammonium oxalate at 
y large n ingot was made (see table I) to pH4, and the precipitate was ignited at 199)°C 
ease the tot ntity of calcium in the metal to calcium oxide 
1oact t ) be etected oO the irface The added calcium was recovered from the iron 
f the cleaned ingot by counting with the monitor- with a yield of 96 pct, thus establishing the feasi- 
probs bility of the cupferron-oxalate method. A series of 
2 Vi ng th a wtive (acid) ag The tests by the same procedure proved that 5 mg of 
cle ed ingot w emelted under a slag containing carrier calcium per 0.5 g aliquot of iron was the 
4 pet SiO, 21 pect ALO, 24 pct MgO. and 1 pet CaO minimum addition which could be recovered with 
the melt was held at 1600 C for 1 hr under a heliun sufficiently quantitative and consistent results 
t here The icible was then removed fron A third series of tests demonstrated that radio- 
the furnace and the if and metal were separated calcium was recovered by the cupferron method 
nechanically he CaO wa ecovered from. the Calcium 45 in the amount of 50 or 300 d per min 
conventional chemical method Th sep- was added to control samples containing 0.5 g of 
ited CaO was then counted for radioactivity To iron, 5 mg of calcium, and 5 mg of phosphorus as 
heck the validity of the assumption that practically phosphate to serve as “holdback” for P Separa- 
idiocalcium would be in the second slag, a tion of ammonium phosphomolybdate prior to pre- 
hemical separation was also performed on the final cipitation of calcium oxalate resulted in low and 
ngot to recover the « m in the event that it had erratic recoveries of calcium. When no phosphate 
mained in the t eparation was made, the recovery of carrier cal- 
Chemical Separation of Calcium from tren: A cium was 92 to 100 pet and the CaO residues counted 
imbe f experiments were nece irv in the de- with a half-life of 180 days and with disintegration 
clopment fa tisfactor chemica eparation of rate equivalent to the added activity No evidence 
i: possible trace ilcium from the Oss mass of of P* activity was found either in calcium or phos- 
" Attempts t emove ree ruantitie of iror phorus precipitates in these experiments because of 
cont extrac } , \ ether minute portions of the irradiated unit employed 
ed ut t ete vir to th lifficulty ¢ ow pporting data are omitted for the sake of brevity, 
t ling conditior rhe sey tion of the iron wit} but the control tests proved that the method was 
ipferror ive itisfactoryv re t The method capable of recoverir mall amounts of radiocalcium 
tested | ecoveryv of i tive c: im as fol tron ron with good effici ney 
\ For calcium separation in an actual analysis, a 
One-?t ! am of Bureau of Standards No. 55t metal imple of 5 g was dissolved in HC] and divided 
t t " nd 15 n ca er Ca CaCO nto Uo aliquot portions: 5 mg of Ca was added 
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> r-4 154 10 20 8 42 6.7 21.1 | 55 0 3/17/47 Fe ingot from T-1 used 
0 + 7 15 20 Purificat runs t 
4 60 Slag from T-5 20 rer e fror 
, x T rn Siag f T-6 20 54.200 6 28.47 Ca separated from Fe 
, ingot. Trace of P 
still present 
10 11° 106 0 736 9 16 48 1 pet S added to iro 
A I 60 t 2 if 106 0 0 
ro ‘ 39 22 10° 106 0 980 10 17 48 
r-9-2 ad 24 0 106 0 0 121234 
CaO shich tive ¢ “ tained 
we Approx te temperature; heat went out of contr because 
ise f ‘ pt ete 
4 
> 


to each aliquot and the iron was removed by cup- 
ferron as described above. All aliquot portions were 
combined after the iron was separated and before 
the calcium was precipitated. 

Radioactivity Counting Procedures and Calcula- 
tions: Metal samples were prepared by filing, and 
slag samples were crushed to pass a 100-mesh sieve 
A weighed amount of material, about 100 mg of 
slag or 200 mg of metal, was mounted in an alumi- 
num counting plate of conventional design having 
a depression °s in. in diam x 1/16 in. deep. The 
counting was done with a commercial, bell-type 
Geiger-Miller tube having a 3 mg per sq cm mica 
window about 1's in. in diam. The counts were re- 
corded on a commercial 64-scaler circuit and me- 
chanical counter. 

It was found early in the investigation that all 
counts should be made with the same counting 
chamber and scaler because there was a considerable 
variation between counts of the same sample on 
two different circuits, in spite of corrections based 
on the same radiation standard, whereas counts on 
the same scaler were internally consistent with a 
coefficient of variation of about 4 pet. All calcula- 
tions in this work are on a relative rather than ab- 
solute basis, so it is sufficient that the data be in- 
ternally consistent; the absolute accuracy need not 
be known 

Our experience with P” and difficulties of a similar 
nature with another irradiated unit have demon- 
strated very forcibly the necessity of adhering to 
the practice of identifying positively the radioiso- 
tope responsible for a measured activity to avoid 
false interpretation of counts which might originate 
from radioactive impurities. This is done by deter- 
mining both half-life and absorption curves. Ref- 
erence to tables of isotopes’ in conjunction with 
observed chemical behavior of the isotope in ques- 
tion will usually suffice to establish identity fairly 
conclusively 

The counts as read from the scaler must be cor- 
rected for the following variables 

1. The background count originating from cosmic 

radiation, natural radioisotopes in the ma- 
terials of construction, or contamination 

2. Efficiency of collection by the G-M tube, o1 

“geometry” of the counter 
3. Decay of the isotope with time 
4. Absorption of radiation by the cellophane, au 
mica window, and intentionally interposed ab- 
sorbers between the sample and the inside of 
the G-M tube chamber 
5. Self-absorption within the sample 


All of these corrections, in the order named above 
are combined in the following equation 


Cs. 2 2a 
N e [1] 
A S (1 e 
where 
N Absolute activity of the sample, d per min 
per mg at zero time 
A Area of sample effectively covered by 
counter, cm 
Cc Recorded counts per min 
[ Background count, averaged from “blank” 


counts taken shortly before and afte: 
sample count 
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Actual disintegration rate of radioactivity 

standard, d per min 

Ss, Recorded counts per min from standard, 
average of counts taken immediately be- 
fore and after sample count 


A Decay constant for the isotope being 
counted, fraction disintegrating per unit 
time 

t Time of measurement after zero time 
(A and t in consistent units) 

a Absorption coefficient for the radiation be- 
ing counted, cm’ per mg 

y Thickness of absorbers between sample and 


inside of G-M tube (air, window, absorber 
plates, etc.), total mg per cm 
x Thickness of sample, mg per cm 
Range of beta particles in matter (usually 
measured in aluminum), mg per cm 


For samples thicker than the range of the beta par- 
ticles emitted, x lL. (l—e“) — 1 and Eq ! 
simplifies to 


2 s 
N. = —-(C.—C,) - eM - ae [2] 


Eq 1 and 2 are approximately valid, within 2 to 5 
pct, for most beta emitters. Henriques et al.” give a 
simple derivation of the portion of Eq 1 which cor- 
rects for self-absorption, and Glendenin’ gives a 
good discussion of the approximations inherent in 
such calculations of beta particle absorption 


Data and Results 


The more important data have been collected in 
table I. Detailed decay and absorption data used 
to establish the identity of the isotopes are not 
recorded in full. Slag samples exhibited half-lives 
of 168-190 days and half-thicknesses of about 6.5 to 
7 mg per sq cm, in satisfactory agreement with data 
recorded in the literature for Ca Calcium 
activity was so strong in the slag samples that it 
completely masked the phosphorus activity, but 
some of the metal samples, as previously noted, dis- 
played energies of about 14.8 + 0.7 day half-life and 
100 mg per cm’ half-thickness, compared with the 
reported values’ of 14.3 days and 110° mg per cm 
for P 

* Estimated from maximu energ, slue of 17 Mev by meth 
of Glendenit 

The results of the experiments of Series I are 
doubtful because of the presence of P” as an im- 
purity, and these heats T-1 to T-7 will not be dis- 
cussed furthe 

The experiments of Series II yielded no indication 
of calcium in the iron. The initial slag for heat 
T-8-1' had an activity of 6480 c¢ per m, correspond- 


The initial metal of heat T-8-1 contained about 1 pet sulphur 
und the apparatus wa nodified somewhat so that the experiment 
would concurrently serve another purpose irrelevant to this study 
These circumstance ire reported for accuracy of record, but thes 
probably are not rf ficant to this ork 


ing to an absolute activity of 736 d per m per mg of 
slag. When no activity could be detected either in 
the second slag or in the final ingot from T-8-2, the 
experiment was repeated at a five-fold increase in 
the level of activity of the initial slag. Slag T-9-1 
had an activity of 41,700 ¢ per min, corresponding to 
an absolute activity of 3980 d per min per mg. Again 
no positive count was obtained either from slag T-9- 
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or by a chemical separation of calcium from the 


) 

final ingot 
Since no positive count has been detected from 
gument has 


Series II experiments, an indirect a 


been adopted to estimate the limit of detection Sup- 
pose there had been enough Ca* in slag T-9-2 to 


} 
vield a count capable of detection by the counting 
From this value, the 
corresponding calcium content in the tron can be 
obtained, 


circuit, say 6 counts per min 
calculated Since, in fact, no count Was 
then the actual calcium content of the iron must 
limit of detection 


have been lowe than this I 
in the calculation of this 


The basi «is 
minimum amount of detectable calciun 


umption 
are as fol- 


1. Some small amount of calcium wili be reduced 
from the initial CaO-SiO -AlO, slag and ente: 
the metal 
2 The ratio of radioactive Ca’ atoms to the total 
Ca atoms in the on will be the same as the 
corresponding ratio in the original radioactive 
las 
In the econd heat, the portion of the experi- 
ment ir hich an acid " melted over the 
on ingot, ¢ ton n the metal will exchange 
with Ca aton n the lag. and, because of the 
extremely high distribution ratio of Ca in slag 
to Ca in ol practically all of the Ca atoms 
vill in time be found in the second slag, from 
vhich the can b covered and counted 
The following countin ind decay data for the 
counting setuy ed in the experiments and for Ca 
ire nece i te bstitution in Eq 1 
\ Area scanned by counte! 2 sq cm for 
mple mounts used 
S/S Efficiency correction factor of counte! 
these expe ment 
Halt fe ft Ca 180 days 
Decay constant 0.693/180 0.00385 
per dav, 2.67x10° per min 
Absorption coefficient 0.10 em pel 
( 
Thickme f sample wt. in mg 2 
Total thickne of external absorbers 
bon per em for these experiment 
Range in aluminun 64 mg per sq 
Ca 
It i i that (( Cc.) must equal or ¢ xceed 6 
‘ ts per n » be cor lered a positive count; thi 
three times the standard deviation of 2 ¢ per n 
fe < ound count t oratory and there 
re represents a 99.7 pet probability that the count 
cant a ot e fluctuatior 
The ‘ rit hut ‘ ent ill ite hal 
balance vas mace he te wav expe 
ment T-9 
+} ae ( t na mea ine 
pecitiic act r-9 ee table I) and 
the deca nst ef Ca 
ile ed that tl ot Ca atoms te 
( it va x10 it 
tu ‘ 
2. 8B Meu f | \ i ted that 
) La 
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have been needed in the 102 mg of CaO extrac- 
ted from T-9-2 to have produced a significant 
count of 6 c per min above bac kground (un- 
corrected, 23 days after zero time, correspond- 
ing to actual conditions under which the CaO 
residue was first counted). This, from step 1, 
would have required that (2.1x10 (3.0x10") 
6.3x10° g of total Ca be received by the slag 

from the ingot 
3. Since the ingot from T-9-1 weighed about 110 
g (106 g Fe approx 4 g C), the percentage 
of calcium in the iron ingot required to give a 
6.3x10 


significant count from slag T-9-2 was 110 


100 6x10 0.00006 pet Ca 


Because of the low precision of the absorption co- 
efficient for Ca® and the approximations inherent 
in Eq 1, the reliability of this estimate Is no bette! 
than + 20 pet 

Similar calculations carried through for the wet 
separation of calcium from ingots T-3 and T-7 indi- 
cate that 5x10 pet Ca should have given a positive 
count. Had the calcium content of the iron been as 
high as 1x10‘, it could certainly have been detected: 
a content as low as 5x10° pet would probably have 
been detected. The calcium content of liquid iron 
saturated with carbon under blast furnace type 
slags must therefore be exceedingly low 


pet Ca 


Discussion of Results 


Although most of the original plans of this in- 
vestigation had to be abandoned because of our 
calcium in the iron, one per- 
noted 


inability to detect any 
tinent conclusion can be drawn. It may be 
that the carbon-saturated iron, slag compositions 
used. and the temperature level of these experi- 
ments represent conditions fairly comparable with 
those in the hearth of the iron blast furnace, even 
though the atmosphere above the melt was pre- 
dominantly helium rather than CO plus N.. The fact 
that the calcium content of the metal was so vanish- 
ingly small seems to preclude the possibility that 
anv sort of association of calcium with sulphur 
within the metal phase can contribute significantly 
to the mechanism of desulphurization in the blast 
furnace (or in oxidizing steelmaking processes) 

\ spectrographic method for the determination 
ef calcium in steel has recently been described by 
Carlssor The limit of detection claimed for his 
method is 0.0001 pet Ca, of the same order of mag- 
nitude as calculated for the radioactive technique 
iescribed in this paper. It should be emphasized, 
however, that the two results are not necessarily 
omparable since the investigations were done unde 
entirely different conditions. Carlsson’s data apply 
to the calcium content of commercial steels analyzed 
Although Carlsson re- 
“acid in- 


raphiec methods 
results for both “acid soluble” and 
luble” calcium, it is conceivable that the acid 


spectrog 


¢ ) 


oluble calcium might have existed in the steel in 
easily soluble inclusions rather than as a true alloy 
f calcium. The data presented here apply to the 
alcium content introduced into carbon-saturated 
t iron by melting under a reducing slag, as 
jetermined by the 

The sensitivity of the radioactive tracer method 
could theoretically be improved by several orders 


radioactive tracer technique 


f magnitude by a corresponding increase in the 
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specific activity of the original slag. The only limita- 
tion is the number of millicuries of high specific 
activity Ca“ which ean be handled safely and which 
can be justified on the basis of availability and cost 
It seems doubtful, however, that the calcium con- 
tent of the metal would be sufficiently above the 
threshold of detectability to make possible the 
conduct of experiments such as were outlined in 
the introduction and thus justify the time and ex- 
pense of further research of this nature 

The results presented here pertain only to the 
experimental conditions described: they do not 
purport to relate to the solubility of calcium in pure 
iron in equilibrium with pure calcium vapor Oo! 
liquid. The radioactive tracer technique would be 
applicable to a study of true solubility of Ca in iron, 
but the problems of apparatus would be consider- 
ably more complicated than for the present study 


Summary 


1. An attempt has been made by a radioactive 
tracer technique to determine the calcium con- 
tent of carbon-saturated iron melted in graphite 
under a comparatively basic slag of the CaO- 
SiO.-ALO, system in neutral atmosphere ot 
helium at about 1600°C, these conditions being 
the most favorable for reducing calcium from the 
slag which could be handled conveniently in the 
laboratory 

2 Two methods have been used in order to con- 
centrate for counting purposes the minute amount 
of calcium which might have been introduced 
into the iron. These methods were (1) a wet 
chemical separation of calcium from iron after 
the addition of small amounts of carrie: calcium 
and (2) an extraction of calcium from 1 quid iron 
by an acid slag low in CaO, followed by separa- 
tion and counting of the CaO from the second 
slag 

3 Both methods have failed to detect the presence 
of any calcium in the iron undet experimental 
conditions outlined. The limit of detection has 
been calculated as approximately 0 00006 pet Ca 
so that any calcium present In tron under reduc- 
ing conditions similar to those in the iron blast 
furnace is presumed to be lower than this limit 
of detection 

4. It seems evident from this result that no direct 
reaction or association between calcium and sul- 
phur dissolved in molten iron can contribute sig- 
nificantly to desulphurization tn the blast fur- 
nace 

5. While it is theoretically possible to increase the 
sensitivity of the tracer technique by several 
orders of magnitude, it is probable that the cal- 
cium content of iron would, at best, be so close 
to the threshold of detection as to preclude any 
useful experiments concerning the influence of 
slag composition or oxygen level on the calcium 
content of liquid iron under steelmaking condi- 
tions 

6. The data presented herein do not relate to the 
true solubility of calcium in iron, not do they 
give any direct information on the total calcium 
content which might be obtained in steel by the 
addition of calcium-bearing deoxidizers or from 

fortuitous inclusions 


7. This paper illustrates techniques fot handling 
low-energy radioactive tracers 1n high-tempera- 
ture metallurgical experiments and gives exam- 
ples of radiochemical calculations; our experi- 
ence emphasizes the necessity for identifying the 
isotope responsible for observed radioactivity to 
avoid false interpretation of activities originating 
from unsuspected impurities 
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Measurement of Relative Interface Energies 
in Twin Related Crystals 
by C. G. Dunn, F. W. Daniels, and M. J. Bolton 
: The nature of boundaries in twin related grains of silicon iron is investigated 
and the relative interface energy of the |112! twin is determined. The effect of 
‘ boundary orientation on boundary energy is treated briefly. Mathematical and experi- 
mental techniques are discussed in detail. 
N recent papers on interface energies in metals crystal axes within the grains, Herring’s equations 
the concept of an equilibrium of forees has been take the form 
+ used in the measurement of interfacial tensions aE 
: Mathematically the equilibrium of three forces is E E.. cos 4 E.. cos sin 4 
given by the relation aia ? 
sin —. [2] 
(1) 
in? ng sin @ where the partial derivatives are measured in the 
; where the are the interfacial tensions (interface direction of counterclockwise rotation of the bound- 
energies per unit area of interface) of three phase aries. Eq 2 implies that an infinitesimal displace- 
or grains meeting at angles @, # and #4, ( relate ment of the triple point along the 2-3 boundary 
to the 1-2 boundary formed by grains | and 2 produces no change in the boundary energy. Similar 
i to the 2-3 boundary, etc.). If these relationships are equations apply for infinitesimal displacements 
valid, one can calculate relative values of the inter- along each of the other two boundaries. From such 
face energie from measured boundary angl on equation Herring obtains the following general 
a pecimens which have been brought to equilibrium relationship 
a Since Eq 1 may be derived through a mathemati- E a 
/ cal process of minimizing the grain boundary energy 
inder the re tion that the be independent of SING 
boundary orientation, the concepts of surface ten- f 
ons and equilibrium of forces are not particularly (1 + sin@ + 
essent To deal with the general case involving ; [3] 
fb vundary orien- (1 €, €,) sind (« €,) cos @ 
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and «. and «, have similar expressions 
erefore, to e E in place of It is apparent that Eq 3 reduces to Eq 1 when the 
he more er al equation e's vanish. Eq 3 also reduces to Eq 1 when the e’s 


where 


are all equal 
and Read 


of the 


grain 


Shockley have pointed out one limita- 


} 1¢ ed the required gen- tion to these equations. When E plotted versus ¢ 
the 1 ' e mis Sl cia appears as an energy cusp, as their theory requires 
the bo i entat bs for example, for the energy near a twin boundary 

, mea ‘ \ eference to sition, then Eq (and therefore Eq 1 also) no 
nger applies if one boundary ts in the minimum 

er AIME ae h Ph energy position. One of the equations of form Eq 2, 
! BOLTON are Me howeve ipplies if the infinitesimal displacement 


boundary associated with the energy 


regoing treatment it will be apparent 
' that equilibrium angles alone are not ificient in 
‘ D ] 1949 
‘ eneral for calculating relative interface energies 
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; > cept forme held (namely that energy per unit E ad 
area is identical with f t t 
ter n) and te 
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Consequently, calculations made on the implicit 
assumption of zero «s must be held questionable 
Nevertheless, such questionable calculations can be 
of value in ascertaining more fully the nature of 
the problem of grain boundary energies 

In the present investigation, which is primarily 


concerned with determining a relative value of the 


112; twin boundary energy and in observing bound- 
ary relationships special 
experimental work was completed prior to receiv- 


3-grain groups, the 


Fig. 1—Original 
sample before cutting 
to obtain specimen G. 

Btched. (Natoaral size) 


(top left) 


Fig. 2—Stereographic 
projection showing 
orientation relation- 
ships of grains in 
specimen G. 
(bottom) 


Fig. 3—Laue photo- 
graph of grains 
A”, B’, and C. 

(top right) 


ing knowledge of this concurrent basic mathemati- 
cal development. In the analysis and treatment of 
results obtained, the new concepts prove to be of 
inestimable value 

Past investigations on twin boundaries have indi- 
eated that the amount of energy associated with a 
twin boundary is low, particularly in the face- 
centered cubic lattice. Smith’ from measurements on 
the shapes of grain and twin boundaries in face- 
centered cubic metals estimated a vale less than 
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one-tenth that for a grain boundary. Lacombe’ noted 
a marked dependence of rate of boundary etching 
on orientation of the boundary between twin grains 
of aluminum. The attack of a {111} twin boundary 
was negligible compared with that of the boundary 


departing appreciably from the twin composition 
plane, indicating an effect 
on boundary energy. McKeehan’ and Preston from 


considerations of the distances between atoms for 


of boundary orientation 


twinned lattices concluded that the lowest energy 
forms would be the 111! twin plane for a face- 
“al and the |112) twin plane for a 


bodv-centered cubic metal. Preston further con- 


centered cubic n 


cluded that the latter type twin would have a higher 


woundary energy than the former because of stresses 
due to atoms lying closer together than normal 
Dunn and Lionetti’ investigated the dependence of 
relative grain boundary energy on difference in 
orientation in crystals of silicon ferrite and observed 
an effect of lowered energy for “near twin orienta- 
tions. Since the boundaries were far from real twin 
plane their results give no quantitative informa- 
tion on the energy of the 112} twin boundary 


In the present investigation, experiments were 


made on sheet specimens of silicon tron containing 
one or more 3-grain groups. These experiments will 
be reported in two part (1) 3-grain groups with 
two sets of twin related grains and (2) 3-grain 


roups with one set of twin related grains 


3-Grain Groups with Two Sets of Twin 
Related Grains 


Specimens: Since annealing twins form unde 


favorable conditions during the recrystallization of 
fine grained silicon ferrite (this fact apparently ha 
not beer reported previously ) finding a uitable 
group of twins in recrs tallized sheet specimens was 


not difficult. Thus specimen G, the outlined portion 


in fig. 1, was found in a sheet sample of 3.5 pet 
ilicon iron that had been recrs tallized by a strain- 
anneal method tartin with a eoriented seed 
crystal’ (note twisted region at extreme bottom In 
1). Growth of the seed crystal produced grain A 
vhich t ed at a number of isolated points dur- 
in o » produce all the othe trai Becaust 
of preferred growth characteristi only two of the 
fou possibie twins ol 1 formed during recrystal- 
lization. These twi ie identified B and C and are 
‘ " ne marks according to location. Each 3- 
therefore ntains the lette 1. B, and 
lr the ote the tion oft 
cubs le ‘ ‘ i ha 
i il e nately u 
the plane e shoot 
Alor the ( i lu which extended a 
ength of the t en, there 
vere ove ! ine ited eu ot 
rentat ea t tw niu back 
i, pre it 1 rhe i vt 
These n tu ed the nader- 
neath the pecimer Du t nel nome 
occurred alor the BC boundary. The cut speci- 
men G contained one of these island grat called 
1 and part of anothet \ \ transn ion Laue 
photograpn of ¢ un i which naturally als in- 
cluded grains B’ and C, } hown in fig. 3. Com- 


370 


JOURNAL OF METALS, FEB 1950, TRANSACTIONS AIME, VOL 


parison of this Laue pattern with those taken sepa- 
rately for grains A, B, and C showed that the photo- 
graph consisted of the patterns of the three grains 
A, B, and C. Because of twin relationships, the pat- 
terns have common zones and common Laue spots 
The common [111] zone for twins A and B and the 
[111] zone for twins A and C, which appear in the 
photograph as hyperbolas, contain also common 
112} Laue spots and these are shown inclosed by 
circles and triangles 

A much larger type of island grain, but of orien- 
tation B, can be seen as a white grain along the AC 
boundary in fig. 1, but this grain will not be con- 
sidered in terms of possible 3-grain groups 

Annealing Methods: In order to promote the mo- 
tion of grain boundaries towards minimum energy 
positions, it was necessary to anneal repeatedly the 
sample at high temperature until the grain bound- 
aries’ angles became constant. During anneals, pro- 
tection was provided by encasing the sample within 
two concentric silicon iron boxes which were in turn 
placed within a tightly welded steel box equipped 
with a gas inlet and outlet. Before introducing the 
gas into the welded box, the gas was passed through 
a purification train consisting of a deoxo catalyzer, 
an activated alumina drier, a magnesium chip fur- 
nace (600°C), and two towers of phosphorous pent- 
oxide. The atmosphere used was hydrogen at the 
lower temperatures and argon at the higher tem- 
peratures. The dewpoint of the gas in either case 
was approximately —90°F 

Results: During the first anneal the small island 
grain of orientation B, along the AC boundary, com- 
pletely disappeared. The other island grains will be 
mentioned later. Old and new boundaries in the 
ABC group may be seen in the photograph shown 
in fig. 4. The old boundaries show because the sur- 
face of the specimen was etched prior to the anneal 
and the new boundaries show because of thermal 
etching during the anneal. The relative positions of 
these boundaries indicate that grain A grew at the 
expense of grains B and C with a reduction in length 
of the BC boundary. This same type of movement 
can be seen more strikingly, however, for island 
grain A” shown in fig. 5. Here the fine line is well 
in advance of the dark line of the old boundary 

Angles were measured and the sample was then 
given an anneal for 48 hr at 1400°C. Fig. 6 shows 
a photograph of island grain A” taken after the sur- 
given a metallographic polish and etch. On 
comparison with other grain boundary angles in 
the specimen, it was observed that the angles for 
i” and A’ were the same as those shown for A” in 
the figure. At a magnification of 500 diam, one angle 
in each of these 3-grain groups was 180 degrees and 


face wa 


this is also clearly evident for the groups at both 
ends of island grain A” shown in fig. 6. A photo- 
graph of a cross section of grain A”. sectioned in 
the direction indicated in fig. 2 and 4 by the line QQ, 

shown in fig. 7. The direction R was located along 
the line QQ in fig. 2 according to the angle of tilt of 
the A”’’B’ plane which is given in fig. 7 

Directions of boundaries in the surface at the 
¢ point of grains are also indicated in fig. 2 
along the basic circle (for example: B'C, BC, etc.), 
and these define the surface angles between bound- 
ari The straight sides of grain A” (A”B’ and 


meetin 


i 
x 
/ 
8 


A”C in fig. 6) were found to be parallel to within specimens. This plane and its pole P2 are indicated 
two degrees and also to coincide in direction with in fig. 2 

the A’C boundary of the A’B’C group and the Poles of possible {112} twin planes for grains A 
A”’B’ boundary of grain A”’. Two directions, A'C and B and grains A and C are plotted in fig. 2, the 
and R, therefore, determine the plane for the actual former by black circular dots and the latter by 
grain boundary A”’B’; and this plane has the pole black triangular dots. Also plotted is a pole of a 
P1, which is indicated in fig. 2. Similarly—but with- (110) plane which is common to all three grains 
out making any cross section cuts since A’ passed A, B, and C 

completely through the specimen—the A’C plane The reduction in length of the BC boundary was 


was determined from surface measurements on the further confirmed from direct measurements of the 


Fig. 4 (left) — 
Specimen G in 
vicinity of 
grains 
A, B, and C. 
As annealed tt 


hr at 


Fig. 5 (right)— 
Grain in 
specimen G. 


As annealed 
hr at 


Fig. 6 (left)— 
Grain A” in 
specimen G. 


Annealed t* hr 
at 
Nital etch X60 


Fig. 7 (right)— 
Cross section of 
specimen G. 
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position of boundaries before and after a final 
twelve hour 1300 °C anneal 

Analysis and Discussion of Results: The locations 
of Pl and P2 relative to poles of {112} twin planes 
indicate that the boundaries A’’B’ and A’C are 
within five degrees of real twin boundaries. An 
experimental error of two or three degrees could be 
expected in the measurements, so the nearness to 
real twin planes is significant. If grain A were 
exactly in the (001) orientation, the poles of the 


planes (211) and (211) would lie on a diameter in 


fig. 2, and traces of the twin planes in the (001) 
urface would be parallel. This explains the neai 


parallelism of the observed twin boundaries in 
grain A”. Acute angles at the ends of island grain 
i” are practically equal (value of about 15°) and 
are the same as that in the A’B’C group and in the 
island grain A Analyses also show that the 180 
angle occurred opposite the boundary AC in the 
1BC group. This was not particularly clear in fig. 4, 
but became clearer upon subsequent annealing 
Further, the surface direction of the boundary AC 
as shown in fig. 2 indicates that this boundary also 
could be a real twin boundary if the plane were 
tilted properly (note position of 121 pole). The acute 
angle in the ABC group, however, remained at 
ibout 43° during the anneals 

The direction of the boundary AB is about right 
for a possible correlation with a {112} plane in the 
lattice of grain B alone (the {112} pole required is 
not given in fig. 2). This possibility together with 
the AC twin boundary may be the reason for the 
constant 43° angle in this group of grains. On the 
other hand, directions of the ty pe A’B’, which to- 
gether with a twin boundary are responsible for 
the irface angle of 15, seem to correlate only 


with the (110) plane (the pole of this plane is 


R.0. 
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shown tilted 1.5° to the surface in fig. 2). The B’C 
boundary tilts 87° to the surface (see fig. 7) and 
nearly coincides with the (110) plane. The A’’C 
boundary, also shown in fig. 7, is probably in the 
transition region between the end of the grain and 
the twin boundary anc is, therefore, not near 
enough the end of A” to have much significance on 
this question of the (110) type boundary. Neverthe- 
less the angle that would be made in the surface by 
the (110) plane and the (211) plane, for example, 
would be about 18.5" and this is not far from the 
observed 15° angle (within the specimen these 
planes would meet in a [111] direction and at an 
angle of 30°). Also the direction of the junction line 
[111] would lie at an angle of about 55° to the 
vertical and in the (110) plane. Measurements on 
the A’B’C common boundary gave a value of 62 
for its tilt from the vertical and this direction was 
also properly located to lie near the [111] direction 
These data, although strongly suggestive of the 
(110) plane being active, are not sufficiently accu- 
rate to prove the point. They do indicate, however, 
some tendency to a_ preferred crystallographic 
boundary arrangement in addition to that of the 
{112} twin boundary of which more will be men- 
tioned later 

Some conclusions regarding the value of twin 
boundary energy can be drawn from the data if we 
assume that the change in type of surface—}221} 
to {|100}—provides no appreciable driving energy 
First we note that growth of island grains such as 
A” represent an increase in boundary area—in fact 
the increase in the twin boundary area is more than 
twice the decrease in the second-order twin bound- 
ary area, because the twin boundaries are tilted 
more from the vertical than is the second-ordet 
twin boundary BC. Applying the principle of 
diminishing energy to this case of in- 
creasing boundary area gives 

E 0.46 E [4] 

where E, is the energy per unit area of 
twin boundary, E, is the energy for the 
second-order twin boundary, and tlt- 
angles of 22. have been used for each 
twin plane 

Eq 3 cannot be used on specimen G 
because each 3-grain group contains a 
112} twin boundary——an energy cusp 
boundary as pointed out in the intro- 
duction in reference to the theoretical 
work of Shockley and Read. Because 
of unique crystallographic and geomet- 
rical configurations for each 3-grain 
group, it appears that one or both of 
the non-twin boundaries are also of the 
energy cusp type. If so, the situation 
means that no equation of the type of 
Eq 2 applies because any infinitesimal 
displacement of the triple point pro- 
duces more than a zero increase in 


boundary energy 


Fig. 8—Stereographic 
projection showing 
orientations and 

boundaries 
of grains 
in specimen 


188 


} 
\ 
4 
? 
4 
= 
03 03 
o2 
92 g 
3 
-2 


Fig. 9—Stereographic 
projection showing 
orientations and 
boundaries of grains 
in specimen TI. 


Quantitatively the only result obtainable from 
the data is that expressed in Eq 4 which of course 
sets an upper limit to the {112} twin boundary 
energy in terms of E,. Qualitatively a twin boundary 
appreciably above zero in value is not in- 
onsistent with the observed 180° angle if non- 
win boundaries are associated with energy cusps 

The data show also that a grain boundary in a 
heet specimen may deviate from perpendicularity 
with the surface and thereby reach a lower energy 
position for the entire boundary. As a result we 
may obtain, as in the present experiment, a common 
junction line tilted as much as 60° to the surface 
Although apparent, it is important to point out that 
the present results show the existence of boundaries 
which are far from their minimum area positions 
and hence are themselves evidence for an appreci- 
able effect of boundary orientation on boundary 


energy 


‘nergy 


3-Grain Groups with One Set of 
Twin Related Grains 


Specimens: A method of producing 3-grain speci- 
mens with grains in predetermined orientations was 
described in earlier papers This method was also 
ised in the preparation of the present specimens 
In specimen Q1 each grain had the (110) plane in 
the plane of the sheet and the [001] direction as 
2 being approximate 


hown in fig. 8, grains 1 and 
twins. During preparation of this specimen, the 


i 
boundary omentation of grains 1 and 2 was con- 


trolled as closely as possible, resulting in an ap- 
proximate |112! twin boundary for these near twir 
vrains 

In order to produce grains in exact twin orienta- 
tion with each grain having the (110) plane in the 
plane of the sheet, made to the 


phenomenon of twinning by stimulated nucleation 


recourse Was 
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Requirements considered necessary for a successful 
application of this phenomenon were: (1) a matrix 
of fine grains which would support growth of a 
single grain after the matrix was strained a small 
amount, and (2) a matrix which would support 
growth of a twin grain preferentially to that of the 
starting grain. Since the desired orientations were 
(110) in the plane of the sheet, the problem was to 
prepare a material that would support growth of 
the (110) [001] orientation preferentially over the 
twin orientation 70° 32° away without losing the 
ability to support growth of this latter onmentation 
Cold rolled silicon iron, which develops a sharp 
(110) [001] texture by selective grain growth, 
would be unsuitable for the present purpose be- 
cause of its narrow range of omentations for per 
missible grain growth 

A satisfactory material was made by cold rolling 
a hot rolled band from a thickness of 0.1 in. to 0.030 
in., decarburizing at 850 C to a final carbon content 
of about 0.004 pet, cold rolling from a thickness of 
0.030 in. to 0.025 in., annealing a short time at 800°C, 
and finally straining 2.5 pet in tension. Instead of 
starting the growth of two reonented seed grains as 
is normally done in the preparation of a 3-grain 
specimen, the present method consisted in starting 
the growth of one grain having the (110) plane 
parallel to the sheet and the [001] direction 70.5 
from the rolling direction 

During a short anneal in a gradient temperature 
furnace, two new grains in the (110) [001] orienta 
tion were obtained as the result of twinning. These 
trains grew adjacent to the mother crystal. As ex 
boundaries of the twin grain 


were 


pected, however, the 
straight like those in copper, but 
result of anisotropic growth 
sample 


were not 
irregular in shape as a 
in the strained matrix. To complete the 
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unother grain, after reorientation, was grown from 
the opposite end until it met the three grains pre- 
viously formed. This sample was then cut into two 
{-grain specimens called Tl and T2 

The orientation of the boundaries between the 


twin grains in these specimens was nearly ideal for 
un attempt to make them coincide with specifi 
crystallographic plane This could be done by 


causing the open ends of the boundaries to move a 
small amount. Notches for this purpose, therefore, 
were made in specimen Tl (see fig. 11) in such a 
way that the boundary between grains 1 and 2 
would tend to move tewards coincidence with a 
common {112} plane during subsequent annealing 
Similarly the 1-2 boundary in specimen T2 was cut 
in the hope that it would form on a {111} type plane 


} 


and thus produce {111}! twins in silicon iron. Fig. 9 


and 10 give the orientations of the grains in each of 
these specimens. It will be noted that the groups are 
identical except for reversal n the notation for 


vrain l and 2 
Annealing at high temperatures, as described in 
the first section of this paper, was carried out to 
equilibrate the grain boundaries. Annealing sched- 
ules were as follows 
Qi: (1) 24 hr at 1200 C, (2) 8 hr at 1400°C, (3) 
10 hr at 1400 C, (4) 48 hr at 1400 °C, (5) 47 
hr at 1400 C, all in an atmosphere of argon 
Tiand T2: (1) 12 hr at 1300°C, (2) 5 hr at 
1200 C, (3) 10 hr at 1300°C, (4) 12 
hr at 1300 C, (5) 4 hr at 1200 C, and 
(6) 47 hr at 1400 C, all in argon ex- 
cept the 1200 C anneals which were 
run in pure dry hydrogen to effect 
additional purification of the samples 


Structures: The changes in the grain boundarie 
of specimens Tl and T2 produced by annealing at 
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high temperatures are shown by the photographs in 
g. 11 and 12 taken before and after anneals 

A significant change in specimen T1 is the early 
straightening of portions of both parts of the 1-2 
boundary to coincide with the {112} twin boundary 
(such behavior was not noted in specimen Q1 for 
the “near twin” grains). Interesting also is the 
removal of the edge grain during the last anneal and 
the register of a twin boundary through thermal 


h 


etching. 

The 1-2 boundary of specimen T2 did not 
straighten even with extra notching, which was em- 
ployed in an attempt to put the boundary in the 
desired {111} orientation. Also, the junction line 
failed to reach perpendicularity with the sheet, but 
consistently remained tilted 5 to 10 

The micrograph shown in fig. 13 gives the final 
grain configuration of specimen T1 after polishing 
and etching (reversed in photographing). Diffi- 
culties were encountered in disclosing the twin 
boundary without overetching the other boundaries 
The angle opposite the twin boundary (6,) is 167 
and this was reached early in the anneals. The 
other two angles, however, continued to change in 
the anneals, #, increasing about 10° after the first 
anneal to a value of 82° and #. decreasing about 10 
to a value of 111 

The directions of the final grain boundaries for 
specimens Q1, Tl, and T2 are given in fig. 8, 9, and 
10 respectively. The 1-2 boundary of Q1 is about 
4° from an approximate {112} twin plane for grains 
1 and 2 (such a plane would lie halfway between 
the [001] directions of these grains). The 1-2 
boundary of T1 (see fig. 9) coincides with the (112) 
twin plane within an experimental error of 1 ; so 

112! twins were obtained in this specimen. In 
specimen T2, however, {111} twins were not ob- 


Fig. 10—Stereo- 
graphic projection 
showing orientations 
and boundaries of 
grains in specimen T2. 
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Fig. 11—Specimen TI. Fig. 12—Specimen T2. 


Original specimens. Etehed After fifth anneal. Hydrogen 
After br at Etched eteh NTS 
After final anneal, Thermal etch 
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Fig. 13—Specimen TI after final anneal. 


Nital 


etch 


tained because the 1-2 boundary of the twin grains 

ee fig. 10) is 21. from the (111) plane. The solid 
line passing through V, the common junction line, 
entation of the 1-2 boundary, and the 
is the point P. All three 
and these apply 


boundary 
poles of possible {112} twin planes 
0 to specimen T1l—lie in the(111) plane as shown 
(112) pole falls anywhere near a position 
which would represent a plane perpendicular to the 
heet (th is the one obtained in specimen T1) 
Although the (111) plane also perpendicular t 
the sheet, the 1-2 beundary is removed from it both 
azimuthally and by tilt 
Results: From the nature of the 
an equation of the 


Discussion of 


data and expected energy cusp 


rm of Eq 2 should be emploved for specimens T1 
ind YI The required equation ts 
15 
vith the e ntroduced expheitly (To agree wit! 
the notation of Shockley and Read, we hould think 
the present specimens turned ove o that the 
equence of grains 1, 2, 3, counterclockwise and, 
therefore m the lirection of increasing 0) We 
believe that i « may be neglected for specimen 
l, Qi ind T2 Making these assumptions we 
pti 
} Ecos # E .cos@ it 


In order t btain E.. relative to E., and E,, we 


ha ‘ t 1 £ both equal to 1, which seem: 
eu © ace | to the curve of fig. 10 of ref. 2 

I'he pecimen T2, however. is not 
in orm tior } can be used 
vit? t il te ere t be emembered 
that the ndart pecimer are 
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determine E,, « and °“* for specimen T2 

rhe equilibrium angles are the angles between the 
grain boundary directions. These 
given in fig. 8, 9, 10 were determined relative to the 
direction R. D. by direct measurement of the speci- 
mens at a magnification of 200 diam with a micro- 
scope attachment for reading angular positions. The 
equilibrium angles and the calculations made with 
them using Eq 6 for Q1 and T1 and Eq 7 for T2 are 
iven in table I 


directions as 


Table L. Equilibrium Angles and Relative Grain 
Boundary Energies of Specimens Q1, Tl, and T2 


Specimen Equilibrium Angles Relative Energies 


Of major interest in these results is the relatively 
low value of the {112} twin boundary energy as 
given by the figure 0.22 in the table. Whether o1 
not this energy is too high, the removal of the edge 
grain in specimen Tl by grain boundary movement 
may be taken as evidence in favor of a value ap- 
preciably above zero (the driving energy for similat 
boundary movements recently has been discussed’ ) 
The thermal etching of the twin boundary is also 
evidence of grain boundary energy 

Another interesting result is the fact that the 
value of E.. for a “near” {112} twin boundary is 
much larger than E.. for an exact twin boundary 
rhe value of 0.65 of Q1 is not strictly comparable 
with the value 0.22 of Tl because of no common 
reference points, but the magnitude of the difference 
justifies the conclusion that boundary 
creases rapidly with departure from the twin con- 
dition—a result that is in with the 
theoretical predictions of Shockley and Read.’ There 
are two features to the theoretical predictions: (1) 
a rapid increase in energy with departure from the 
twin orientation and (2) a rapid increase in energy 
with departure of the boundary from the twin plane, 
the orientations remaining in a twin relation. This 
latter effect provides a reasonable explanation of 
the rapid straightening of the 1-2 boundary of 
specimen Tl, which during annealing 
Since the area A of a boundary alters only to a small 


energy in- 


agreement 


occurred 


degree toward the end of a straightening process 
the total boundary energy (product of E and A) 
decreases mainly because E 
boundary 


itself decreases as the 


approaches the minimum point of an 
energy cusp 

Finally the results obtained on specimen T2 are 
First the results show 


relatively high energy 


interesting for two reasons 
the existence of a (namely, 
0.86) in a grain boundary of twin oriented grains 


Secondly it « be seen that estimate of the grain 


boundary 


two 


for the boundary 


win related grains may be drawn from the 
E 


lata on orientation relationshiy and the 


and 
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T! a2 11 167 0 22 
T2 102 131 127 0.86 1 26 022 
a? 
j 
the me aus those of Tl except for boundary orienta- boul orientati fect (i ak 
: to 1. Substitutis n Eq 3 gives can be made using Eq 3 if the e's and E’s of = 
boundaries are known 
[7] A rough curve of versu 
equation and the « iatior f definition of « 
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values of table I. Such a curve rises rapidly neat 
the {112! twin boundary and slowly at a point 70 
away. Qualitatively this result is in agreement with 
a {112} cusp predicted’ for twin related grains 
An energy cusp is expected for certain symmetri- 


cal arrangements of the lattices of two grains rela- 
tive to the boundary between them’ and both (112 

and ‘111! twins have the symmetrical relationship 
Whether or not a drop in energy occurs when the 
boundary approaches the orientation of the {111 

common plane cannot be determined from tne 
present data. Since energy changes rapidly neat 
a cusp position, it probably would be necessary to 
put the grain boundary within 5 or 10° of a cusp 
position before the boundary would move by itself 
to the minimum energy configuration Consequently 
failure to make {111} twins in specimen T2 may be 
due mainly to the fact that the boundary was neve 
brought near enough the “cusp position 


Comments on Energy Cusp Boundaries 


When two grains are related exactly according to 
some simple crystallographic law as, for exam} le, 
“twin related.” the possibility exists for low energy 
boundaries and energy cusps for certain onentations 
of the boundary. The orientation of a boundary may 
be described in terms of the crystallographic plane 
of each lattice which coincides with the boundary 
We therefore shall indicate in the following such 
boundaries by attaching subscripts 1 and 2 to the 
crystallographic notations, these subscripts referring 
to the two lattices respectively 

In the case of twin grains of silicon iron (a Bt Cc 
lattice), the present data are in agreement with a 


112 112'. energy cusp boundary. Results on 
specimen G indicate (1) a possible {110}, (110) 
energy cusp boundary and (2) a {112},, (552 low 


energy boundary. The behavior of the 1-2 boundary 
in specimen T2, however, puts doubt on the {112},, 
552!. possibility. The point P, the pole of the 1-2 
boundary. is 6 from the correct point which hes on 
the basic circle and 19°28’ from the pole of the (111) 
plane. It would be expected that the 1-2 boundary 
if only 6° away would have moved into coincidence 
with a minimum energy position, and also would 
have formed a straight line in the surface of the 
specimen. Actually these changes did not occur 

Shockley and Read’ predict energy cusps in twin 
related grains for (1) {1l1},, (111 (2) {110 
114 and (3) {112},, {112}. boundaries 

In the case of second-order twins, the data for 
pecimen G suggest an energy Cusp for a (110 


110 boundary Theory’ also indicates energy 
cusps for {114}, {114}, and [221},, (221; boundaries 
Grains in these configurations could be called (114 
and /221! twins respectively. The [{110;,, (110 


configuration, however, does not satisfy the reflec- 
ion law which is definitive for twins 

Because of these interesting possibilities an in- 
vestigation has already been started at this labora 
torv to determine the existence of various energy 
cusp boundaries. In such work it has been found 
convenient to use 2-grain specimens 2-grain 
specimens also offer the possibility of studying 
quantitatively “the effect of boundary orientation 
on boundary energy” because the mathematical re- 
lationships involved are relatively simple 


Summary and Conclusions 

An investigation of energy in twin boundaries has 

been undertaken. Silicon ferrite specimens con- 

taining twin related grains were prepared using the 

phenomenon of “annealing twin formation * In the 

study of changes that took place during specimen 

preparation and during subsequent annealing, the 

following points of interest were noted 

1. On annealing one specimen consisting of twin re- 
lated grains, it was found that a combination of 
two twin boundaries and one second-order twin 
boundary was unstable because of low energy 1n 
the twin boundaries. Under these conditions the 
total grain boundary area increased as the system 
moved to lower energy. Although constant angles 
were obtained for the specimen, it was concluded 
that none of the equilibrium equations could be 
used to calculate relative interface energies 

2 It was found possible (a) to make exact twin 
oriented grains having the (110) plane in the 
plane of the sheet and (b) to vary the boundary 
orientation over wide ranges An attempt to 
make {112} twins in this manner proved success- 
ful: a similar attempt to make {111} twins, how- 
ever, was not successful 

3. Using specimens as indicated under (2), (a) a 
‘112! twin boundary with an energy between 
one-fifth and one-fourth that of ordinary bound- 
aries was found, (b) boundary energy increases 
rapidly with deviation from a twin condition, (c) 
depending on orientation of the boundary, high 
as well as low boundary energy occurs In twin 
related grains, and (d) a {112} twin boundary 
like anv other boundary will thermally etch at 
high temperature producing a visible groove 
that coincides with the position of the boundar’s 
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Behavior of Pores 


during the 
Sintering of Copper Compacts 
by F. N. Rhines, C. E. Birchenall, and L. A. Hughes 


Qruns ipon the sintering of metal powders, in terpreted by their author as support for the viscous 


the solid state, have led to the proposal that the flow mechanism of transport, the theory of which 
urface energy of the powder particles provides the was developed originally by J. Frenkel.’ Duplicat- 
driving force that causes points of contact between ing a portion of this work with minor changes, G. C 
: pairs of particles to grow into broad welds which Kuczynski' is led to the alternate view, namely 
o4 olate the esidual vacant pace into pores that that the initial stages of sintering, at least. proceed 
tend to spheroidize nd gradually to diminish in as a self-diffusion process. Both of these investiga- 
: total volume Investigato liffer with regard to tions were designed to deal with an isolated unit of 
*k the mechanism of the movement of the metal, under sintering, i.e., with the shrinkage of a single pore, or 
he influence of surface energy, to accomplish these with the growth of a single point weld. It remains 
4 change One school asserts that there is a mass to ascertain the behavior of a typical metal powde! 
movement of the metal. referred to as a “viscous compact composed of a li number of particles of 
flow while the the chool prefe to view the varving size and sintering to a body with a multi- 
movement as a self diffusion proce wherein indi- plicity of pores. The observation of density changes 
vidual aton e transferred without disturbance of alone during sintering is not sufficient In such a 
the ba patter: f the ervstal lattice. Extensive case; it is essential to know how the internal geo- 
experimental studic ipon the sintering of copper metry of the compact changes. This has been the 
conducted recently by A. J. Shaler have been in- object of the present investigation, the results of 
which are used to support the self-diffusion mecha- 
72 nism of sintering 
r.N RHINES Me er AIME Profe: ‘ior of Meta The present studies consist in the measurement 
A Boe ty of the number of pores as a function of size and 
Carnegie Institute of Tec) gy. L. A. HUGHES wa time at temperature during the sintering of a coppe 
formeriu I ratoru A the Met compact made from a commercial ‘copper powdet 
Laboratory. Carnegie Institute f Tech ou. Cur- lightly pressed and sintered in several different 
rent Mater Engineering D f the Westing- atmosphere \ brief survey was made also of the 
mse Electric Co., Pitt rgh, P change in shape of the pores, under the influence 
LIME Ne York Meeting, Feb. 1951 of the same variables. All of this was done by direct 
lished Nov. 1950. Ma rine received Oct. 17, 1948 measured on the same sample. It is found that 
while the compact is exhibiting an overall shrink- 
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age in volume, the pores exhibit progressive growth becomes larger as sintering progresses. It is note- 


with a decrease in their total number, the reduc- worthy also that all porosity soon disappears from 

the immediate neighborhood of the external sur- 
Table I. Particle Size Analysis of the Copper Powder face of the compact. As has been observed by pre- 
vious investigators, the pores change in shape from 
a highly complex form towards more or less equi- 
axed shapes. All of these changes proceed much 
more rapidly as the temperature Is raised 


Mesh Size Pet by Weight 


2 Experimental Procedure and Results 

40 trace 

20 29.6 All of the compacts used in these studies were 
21.4 

" 78 made from a single lot of reduced oxide coppel 
2.0 powder, the particle size analysis of which is pre- 


sented in table I 
Upon receipt, this powder was carefully blended by 


tion in number being accomplished by the dis- 
of smaller size. The critical hand “rolling” and was sealed in small glass vessels 
While a special effort 


appearance of pores 
size, below which all pores shrink and disappea: until the moment of its use 


Table I. Pore Counts in Surface Area of 0.0293 sq cm 
Hydrogen Treatment 


Pore Size Equivalent to Square with Side of Length (mm) 


Temp. °¢ Time (Hr) oust wor smaller 


1496 


Table UI. Pore Counts in Surface Area of 0.0293 sq cm 
Vacuum Treatment 


Pore Size Equivalent te Square with Side of Length (mm) 


Table IV. Pore Counts in Surface Area of 0.0293 sq cm 


Argon Treatment 


Pore Size Equivalent to Square with Side of Length (mm) 


Temp. Time (Ur 0.0006 068 088 oon oor ooot amatier 
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800 0 0 18 41 361 677 1798 
800 10 0 1 17 421 1370 1695 
B00 100 0 2 24 291 538 1423 1730 
800 1000 0 2 } 27 61 302 sae 1339 1638 
900 4 9 16 51 163 45 1654 1255 
900 0 27 61 256 99 1423 953 
900 00 1 ; 69 199 371 765 1283 850 743 a= 
1000 18 “as ile 925 1085 R72 757 
1000 l 0 15 65 413 1397 2987 2340 1415 1189 2 
000 0 21 7 221 689 1208 164 1024 674 
1000 7 44 293 769 824 514 192 
1000 Looe 24 9 241 272 13 6H ‘9 
; 
800 1 ) 17 149 233 685 1431 2206 
200 10 0 a 47 129 20 1196 2163 
00 100 0 $3 ag 181 8 677 a7 BOT 1500 
Oo 1006 11 145 07 750 1260 1450 
a00 l 1 i4 15 99 1515 1867 
900 10 2 7 14 4 we 24 731 1486 1686 
900 100 2 4 283 1270 1122 
900 1000 ; 87 194 27 447 627 1270 1301 
wo 2 74 4 221 | BOS 1509 
000 10 10 4 1464 2096 424 
1006 00 12 Ta) 2 181 425 923 1044 833 
ooo 17 on 24 1101 865 
on 0 0 0 119 1135 1753 1894 
0 ) 0 169 715 102¢ 1482 1681 
200 0 4! 138 297 81 1152 1533 1599 
Rin 000 0 28 207 842 1384 1594 
100) 1 0 0 i 209 618 1100 1224 1294 1358 
900 10 0 0 { f 79 175 498 743 1296 145 1338 
900 100 0 0 ( 2 le 65 139 270 792 1267 1118 1039 
900 10M 10 7 ) 72 264 284 454 440 52 292 243 
ono 0 0 0 104 620 1361 160 '90R 
000 0 0 0 464 74 1331 1577 
1000 100 0 0 ( 172 210 55 a7e 672 718 687 
1000 0 28 152 “47 862 673 604 542 
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the heating chamber consisted 
ca tube. The samples were set 
ned boats which were introdu 
vfore heating and were remove 


in dian 


had cooled t 


microst! 


iritie In 


coppe 


without 


electri 


acting 


room 


icture of 


addition 
»xide 


and approximately 


lubricant 
ste 


were conducted 


resistar 


temperature 


ecure powder of high chemical purity, 


the 


the sintered 


owder contained a small amount 


to the ex- 
Cylindrical 
0.4 
from about 
die 


ata 


In thermo- 
wt =6furnaces 
of a hori- 
on edge in 
ced into the 
d only after 


bout 


half hour was usually required for the furnaces 
to reach the control temperature and a maximum 
f about 10 hr for cooling. The atmosphere ised 
vere tank hvdrogen, dried bv passing through 
ilicium chloride, high purity tank argon, and a 
derate it in i" vhich the atmosphere con- 
ted of somewhat le than 1 mm pressure of ai 
(ie the uum produced continuously by a labo 
ite pe acuum oil pump). Schedules of the 
heat treatment n are included in tables I], Il 
ind Ni than fou and often as many a 
twelve check sample vere treated under each set 
Density measurements were made by weighing in 
vote nd a A, thin paraffin coatin Was applied 
t eact mptle » prevent entrance of water into 
the pore i ng the test. The results of the density 
rn ement ‘ esente i, 2, ana 3 
vhere the ‘ ‘ ‘ cent porosity of the as- 
‘ ‘ nple t cated at the left edge of each 
pl nd the « 1 the iriation of density 
vith time nae nh of the conaditior of sintering 
Ik t tted point re esent n average of at least 
ore nt vere made tirecti Ait i micre 
! e mea eVe-plece The 
i che ct vhict pose ipon the 
‘ the ecimer i select f eight yuare 
f descendnu ‘ ec ta Il, II, and IV. Witt 
t eg nent, the numbe n eac! of mine 
‘ il (12 thie i tre itr ent ) ,a 
< ited in a pen ed area of face Each pore 
va dentified a ih and distinguished from in- 
clustor by applvu the focusi test and was ther 
matched in total ere ectiona ea to one if the 
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Fig. 1 (left)—Change in density of samples 
sintered in hydrogen. 


Fig. 2 (below)—Change in density of samples 
sintered in vacuum. 


= 


This method of size classification, although leav- 


ing much to be desired, was adopted only after sev- 


eral other optical and X ray procedures had been 


tried. It ignores both the shape of the cross section 
of the pore and the depth, but it does yield a 
measurement that is proportional to the true pore 
size for any established shape. Since the hape 
changes proceed more slowly than the volume 


this 
vealing pore volume changes in a 


changes, measurement is capable also of re- 


semiquantitative 


way 

Under these circumstances any attempt to achieve 
a high degree of precision in the size classification 
may appear pointless. It remains desirable, how- 
ever, to insure that all measurements be comparable 
and, to this end, the procedures used in preparing 
the polished surfaces and in counting were care- 
fully planned and standardized. Chief among the 
precautions taken was a system of polishing the 
pecimens in groups, in polishing clamps, with re- 


and 


so as to detect 


grouping repolishing, after counting a first time 
in the 


inadvertent 


Variation count that 
through 


ibed polishing procedure 


any pore 


deviations 
Ordinary poli 


arise om 


h- 


the presc 


ing techniques were employed, using the sequence 
of smoothing on fine emery paper, followed by rough 
polishing with 600 grit alundum and finishing with 
Fisher No. 3 levigated alumina on a Gamal clot! 
Prior to counting, the samples were lightly etched 
with a dichromate reagent, in order to remove flow 


and to reveal the grain boundaries. This treatment 
did not noticeably enlarge the pores indeed, it ap- 
pears that the pore size has been underestimated 
ather than the reverse: see typical structures in fig 
4.5.6 and 7 


On each sample the pore count was mad 
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two traverses wherein all pores coming within the 
field of view were counted throughout the length 


of the traverse. These traverses were made per- 
pendicular to the flat surface of the cylindrical 
specimen, one being close to the external surface 
and the other close to the center line of the speci- 
men. Since each specimen was polished and measured 
twice, there were four sets of counts which were 
added to give the total pore count, see tables II, III 
and IV. The total area over which the count was 
made was approximately 3 sq mm 

For the study of the change in shape of the pores 
observations were made on en- 


during sintering, 


40 + + 4 
| 


20 


PER CENT POROSITY 


+ 
10 oo 000 
Time (IN HOURS 
Fig. 3—Change in density of samples sintered in 
argon. 


larged micrographs of typical areas in each of the 
pecimens. The measurement here consisted in a 
planometric measurement of the area of each pore 
perimeter. Thes¢ 


and a linear measurement of its 
two measurements were converted to a ratlo, namely 
the perimeter divided by 2 = times the radius of a 
circle of area equal to that of the pore cross-section 
About 50 pores were so measured on each specimen 
factor ratios presented in table V 
represent the average of this number of observa- 
tions. The only clear trend exhibited in this tabl 

that shown in hydrogen sintering at 1000 C (a 
most favorable case), where the shape factor pro 
‘resses regularly toward unity (spherical). It is t 
factor of the pore 


and the shape 


be understood that the shape 
in a given sample deviated greatly from the mean 


Discussion of the Observations 


A clear qualitative impression of the volume 
change that are being experienced by the pore 
during sintering may be had by reference to fig. & 
a schematic representation of results for a single 


Here it is 


for some inter 


temperature from table II apparent that 
the pore count reaches a maximum 
mediate pore ize and that the ize corresponding 
to this maximum increases with time of intering 
while the height of the maximum is decreasing. Thi 
means that, individually, each pore, larger than the 
minimum size, grows for a time and then shrinks to 
iltimate disappearance. On the average, those pores 
that are larger than the size at the maximum count 
are growing, while 
hrinking. No change in the total volume of porosity 
onlv a growth of the larger pores at the 


those smailer than this are 


nee da occul 
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Table V. Average Factors 


Treatment Time 
Bz, ! ton 1ooo hr 
800 1.50 2 22 
1.40 0 22 
000 1.42 1 2 117 
Vacuum (low air pressure 
900 1.25 26 1.26 
2 0 


Argon 


* Note— The the ratio of the measured perimeter 
the px b times the radius f the circle 
the equivalent area. Fo circular cross-section the factor 

“ i be 1.00 


expense of the smaller ones A net reduction in the 
total pore volume may, on this basis 
as the “growth” of the space outside the bounding 
surfaces of the sample. That this is probably the 
true mechanism of total volume shrinkage, afte 
the pores have become isolated, is indicated by the 
additional observation that there is always a region 
next to the external surface where no pores ar 


be regarded 


present 

Attention is directed to the fact that the pore 
count curves in fig. 8 progress rather steeply down 
ward from their maxima toward the smallest pore 
size observed. This suggests that the number of sub 
microscopic pores is small; their volume would 
make a negligible contribution to the total volume 
of porosity in the sample. It also that the 
velocity of shrinkage of the peres becomes very high 
as then While this condi- 
tion is most evident in the case of the samples sin 
tered in hydrogen at 1000 C (fig. 8 and table II), it 
intering 


suggest 


size becomes very small 


appears to be general for all conditions of 
with the exception that the existence of a maximum 
ubmicroscopic pore size must 
sintered at 


pore count at some 
be taken on faith in some of the serie 
the lowest temperature 

Turning to the opposite ends of the pore count 


curves, fig. 8, it 1 een that there is an actual in- 


n the number of pores of the larger sizes a 
In most cases, long sintering in- 
duces the appearance of pores of larger-size than 
anv found at shorter times, see tables I], ITI and IV 
There is little difference in this respect between the 
intered in 


Creanst 


intering proceeds 


sample intered in hydrogen and those 


vacuum, but the growth of the largest pore be 


comes exaggerated and the density begins to de 


rease upon sintering in argon for long times at 
900 C. see table IV and fig. 3. From this it may be 
concluded that there is a definite effect of entrapped 
ga ipon the growth of hydrogen, which 


diffuse 


than a low alr pre 


pores 
rapidly through copper has no more effect 
which diffuse 
very slowly, tends to expand the pores. The ab- 
sence of a marked effect of this kind, when sinter- 
yon at 1000 C that the faster dif- 


temperature permit 


ssure, but argon 


fusion of this gas at the 
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Fig. 4—Micro- 
structure of Cu 
y compact sintered 
I hr at 1000°C 
; in hydrogen. 
Te 
4 
Fig. 6—Same: 
4 100 hr at 1000°C 
| in hydrogen. 
1 
V etter escape through the external irface at a rate 
ict i t i d anv la ncreast t pressure 
within the pore Density measurement till imdi 
ate an increase in total porosity 
\ The presence of ar ide might be ex 
pected t nterfere ith eithe irtace hiffusion o 
‘J apor transport of metal to alter the pore shape, see 
t table V. On n the presence of hyd ( vhicl 
educt coppe: it ature 
wa liar Variation it 
I the trend toward unit most 
ipparetr here it the nest temperature 
vhere the proce Is expected to be most ipid. The 
itic bet the hape tacte in acuum and 
4 t terir doubtle to be associated witl 
f he iterference inreduced copper xides and 
ne fore itte While the hape factor ised 
tI nstance admittedly ( ice ind ithe 
Nsensitive measure ot nape the fact that 
a t Dtained were ofter it indicate that 
ore er t eX ‘ t hupe vould Ye 
iavant 
Efforts ‘ est t t curve 
ie ty tir ‘ t me mathemat 
imple m | beer tent 
ina i irent n the ¢ ‘ 
esented j the ere uw 
ear that ‘ ‘ epend 
erent set f law cl i mechar f eta 
transport perna ‘ ts t 
vithin ; eometrical patt that cl ‘ aL 
ently IM pie vay vit? 
effect of gas pre © \ \ t ther mar 
In order to analyze the es t t ‘ 
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Fig. 5—Same: 
10 hr at 1000°C 
in hydrogen. 


Fig. 7—Same: 
1000 hr at 1000°C 
in hydrogen. 


t is desirable to find a precise means for 
and quantity of porosity 


thus described, should 


observed 
describing the shape, size 


The total volume of porosity, 


be equal to that computed from the measured 
density. No satisfactory solution to this problem has 
been found, because of the almost infinite variety 
and complexity of the pore shapes. As an approxi- 
mation it may, of course, be assumed that the true 
pore shapes are effectively equivalent to certain 


thus it might be 


they are 


forms; 

that 
parallelopipeds, 
When such assumptions are made their 


simple geometrical as- 


to 
tetrahedra, or spheres 


sumed, for example, equivalent 
cevlinders 


reasonable- 


ness can be tested by computing the density fron 
the pore counts (considering all pores counted to 
have the assumed form) and comparing with the 
measured density ome comparisons of this kind 


are presented in table VI 


The column headed “Cylindrical,” table VI. give 
alue of density con puted from pore counts upor 
the assumption of cylindrical pores all lying per- 


dicular to the plane of observation and extend- 


ng through the thickness of the sample. Close agree- 


ment between the measured density and the density 
thus computed is shown under conditions of sinter- 
ng in hydrogen at 1000 C for times in excess of 
100 hr and le than 1000 hr. The prediction of a 
lensity lower than that measured at 1000 hr indi- 
ites that the pores are equivalent in shape to some 


The 


assump- 


and a sphere 
upon this 


rm midway between a cvlinder 


verestimation of the density 


n, at the shorter sintering times, however, is dis- 
turbing, because it is difficult to conceive of a geo- 


that would vield a smaller 
area-to-volume ratio than does a cylinder 
This only 


of the 


torn 


cross- 


axXis 
method 


can mean 


classifving 


u erpendicular to its 


experimental 
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pores in size ranges has resulted in an underestimate 
of their true cross-sectional area that is the greate: 
the more irregular the outline of the pore, ie., the 
shorter the sintering time and the lower the sinter- 
ing temperature 


Table VI. Comparison of Measured with Computed 
Density 


Treatment (in Hy) 


Computed Density 


ur Measured Density Cylindrical Spherical 
B00 1 5.29 8.76 8.84 
1000 1 7.83 8.85 
10 8.24 8.88 
100 8.29 8.88 
1000 8.39 8.89 
Density values computed upon the assumption 


that the pores are all spherical are given in the 5th 
column of table VI. This represents the other ex- 
treme in which the ratio of cross-sectional area to 
volume is the smallest that can be had and should 
be expected to overestimate the density until the 
spheroidization of the pores reaches perfection. Thi 
condition is approached most closely by hydrogen 
sintering for 1000 hr at 1000°C, but that it was not 
actually reached was shown in table V. Some of the 
divergence between the computed and measured 
density at short times and low temperatures of sin- 
tering must be ascribed to experimental error as in 
the case of cylindrical pores. The method used fo: 
computing the volume of spherical pores from esti- 
mates of the cross-sectional area is the same as that 
proposed by Scheil for determining true grain siz 
from measurements made upon a flat surface. The 
number of pores per cubic centimeter. used in plot- 
ting fig. 8, was also computed by this method 


Conclusions From the Data 


Despite the uncertainties that are introduced by 
uring and 


the lack of an adequate means for mea 
expressing the true pore shapes there are a numbe! 
of qualitative conclusions, cited above, that seem 
firm. These may be summarized as follows 

1. The total number of pores decrease 
sively during sintering at all temperatures 


progres 


2. The average pore size existing in the compact 
increases with time of sintering 
3. There is, for each condition of sintering, a pore 


ize which occurs in maximum number in the 


size scale, and this maximum shifts toward 

larger pore size as sintering proceeds 

4. Late in the sintering 
which are larger than any present at the begin- 

ning of sintering 


process there exist pore 


5. Pores are absent from a region adjacent to the 


external surface of the specimens 
6. The rate of change of pore count increast 
rapidly with rising temperature 

7. The progression of the pore counts in sample 
heat treated in vacuum approximates that i 
samples heat treated in hydrogen except that 
there is much more scatter in the observations 
(possibly due to the presence of a larger quar 


titv of nonmetallic inclusions) 


8. There is a positive decrease in the density of 
samples sintered in argon for a long time at 
900°C, and this decrease ‘+ associated with the 
appearance of some pore. which are much 
larger than are seen in any of the other samples 

9. The pore shape changes gradually from very 
complex forms toward a roughly equiaxed 
form, but the latter condition is attained only 
very approximately even at the longest times 
of sintering and at the highest temperatures 
used in this work 

Somewhat less direct, and therefore less firm 

conclusions that have been proposed are 
10. Densification is ascribable to the loss of internal 
void space to the outside surface 

ll. The presence of hydrogen 
rapidly, has little effect upon the rate of change 
of pore size, but argon, which diffuses slowly 


which diffuses 


can have a marked effect 


12. Densification begins long before the pores 
break up into discrete units and continues to 
progress rather more rapidly than does spher- 


oidization 


Diffusion Theory of Sintering 


A satisfactory theory of the sintering process 
must contain in it an explanation of the phenomena 
described in the experimental part of this paper. In 
particular, it must agree with the firm conclusion: 
arrived at, and if possible with those inferred from 
it. Such a theory must also be consistent with the 
fundamental aspects of the metallurgical science 
upon which it is based. In constructing a mechanism 
it is desirable not only to identify the driving forces 
which produce the changes to be described, but 
these to the atomic processe 
theories dealing with the 
those described by 


specifically to relat 
which are involved. Othe: 
process of sintering such a 
Shaler and Frenkel, based on a viscous flow pro 
cess, are not in themselves a mechanism but merely 
establish the 
and attempt to explain the phenomena 
also driven by sur- 


urface tension as the driving force of 
the process 
by analogy with other processes 
face tension, whose mechanisms are equally in doubt 
A specific atomic mechanism will be proposed here 
observations contained in the 
must provide for the 
from pore to pore and 


In describing the 
experiments recorded, one 
transport of copper atom 
from one part of a pore to other parts in order to 
account for the change in size and shape of the void 
spaces in the copper powder compact. One of the 
characteristic features involved is that transport 
must occur between pores which are separated by 
solid copper in the annealed condition; that is, the 
ubject to mechanical 
of the sinte 


To account for transport under this con- 


matrix of the copper is not 
strain or cold work in the latter part 
proce 
lition one must choose between diffusional and 
plastic fow mechanisms. The reasons for choosing 
the former will be discussed later 

In accounting for the change of shape of pore 
there are four possible mechanisms available. These 
include the two just stated for transport between 
pores, that i body diffusion and plastic flow, and 
in addition, transport within the confines of a single 


pore space may take place by migration along the 
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wface of the metal, that is, surface self diffusion 
1 by transport through the vapor phase. It is pos- 
ible of course that some or all of these processes 
occur simultaneously. Calculations to be given will 
demonstrate that the vapor transport mechanism 
appears able to account for the spheroidization ob- 
erved in these experiments at the highest tempera- 


tures during the early stages. It is possible that as 
the temperature lowered some other process be- 


comes relatively more important 

Admitting the surface energy as the driving force 
ff the sintering reaction and considering the mode 
of communication between two isolated pores, It Is 
le to consider the relative energies of forma- 
tion of the lattice site vacancies of diffusion theory 
and the dislocations of plastic flow theory. Hunt- 
ington and Seitz’ estimated the energy to form a 
init lattice vacancy in copper to be 1.5-1.8 electron 
volts while Koehler estimates the energy to form 
an isolated dislocation in copper as 3.16 electron 
volts per atomic distance along tts length. It is obvi- 
ous from this that the energetic picture greatly 
favors the lattice vacancy as the transport unit in 
moving copper from one pore to another in the ab- 
ence of external forces. For this reason the vacancy 
liffusion mechanism will here be considered the 
niv means of transport of copper atoms between 
lisconnected pore 

For the spheroidization process, the plastic flow 


mechanism will again be eliminated, because of the 


high energy required to initiate a dislocation. The 
body diffusion proce also seems likelv to be cor 
iderably lower thar irface diffusion or vapo! 


transport. A simple calculation shows this to be the 
case with respect to vapor transport. In addition 
Langmuir’ in comparing the surface and body dif- 
fusion of thorium in tungsten indicates that surface 
liffusion is much faster than body diffusion. Recent 
<periments by Nickerson and Parker’ tend to sup- 


ort this view. They have measured the rate of sur- 


fuente elf diffusion ot ilver in the range of 200 to 
0 CC. Ove this range thev find irface elf diffu- 
on to be relatively rapid, with an activation energy 
about 10 keal per mol, much lower than that for 
ad elf diffusion in silver \ calculation of the 
ite { iporization at the highest temperature In 
tn inge ndicate that it would take several 
yea f the irface atoms of th ilver crystal to 
«. However, the heat of vaporization is con- 
it it ne than the ictivation ene for If 
iff on, and it ' ible at higher temperature 
transport i become much more im- 
wtant tha irface elf diffusion in transporting 
tor The int to ime ther i ir le 


rine r 

te f ine ‘ liamete f the veid betwee 
herie tick f coppe ind ‘ ind plate 
Ke eria ead ead itt bodv and 
irface diff m. His equat irface self ail 
nm t the ition ene t 

equal t that ¢ me liffusion. On the ba 
the ) ‘ lirect me ire ent f Nicke nana 


vhict irface self diffusion play n spheroidizatior 
in the absence al idequate descriptior f the 
eomet oft mental se ij t mt ible 
to estimate the contribution whicl ip transport 
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might make to the growth of these regions 


Spheroidization 

As a simple model of the spheroidization process 
consider a tube whose cross-section is a three- 
cusped hypocycloid. This figure is shown in fig. 9a 
The cross-sectional area is taken to be 1.96x10 sq 
cm, which is reasonably typical of the sample treated 
for 1 hr at 1000°C in hydrogen. The radius of the 
equivalent circle is 2.5x10° em. If the cross-section 
is now deformed to remove the sharp corners by 
transport of copper from the convex surfaces, a new 
cross-section with a shape similar to that shown in 
fig. 9b will result. The radius of curvature of the 
corners will be about 4.5x10° cm. If these figure 
represent the cross-section of a tube 1 cm long 
7.0x10" ce or about 6.26x10~° g must be removed 
from each space and deposited in the adjoining 
corner 

From the measured vapor pressure of copper, 
determined by Harteck’ and by Marshall, Dornte 
and Norton,” it is possible to calculate the rate of 
evaporation and condensation from the kinetic theory 
of gases. When this is done as shown in the footnote 


The kinetic {xz gives the max r ite of vapor 
tion or co n b M I shere ¢ s the 
ss of eta sporized per unit area per unit time, M is the 
ole weight, p is the por pressure, and the ac rds 

tion coefficient which w be taken t be anit Harteck and 
M ha D te nd yrtor nd the px pre ‘ f ypper to 
be 6.8x10 H t p t o« t f 
7 Ox pe x sec. Howeve there greate fe 
por t than condensatior the pressure w be ea the 
equilibriu jue, and tra tw ve dete ed by the te of 
nder tlor the hart rner These “ be re ‘ 
blunted and the back pressure over the ‘ build up from zere 
f finite fius of i ture < jing to the Kelvi 
2.™M 
1 RT i i Eq 
the text. R the jensat te f the ‘ bove 
1 we 10 pe 2 8x10 2 the 
‘ equired te the ct we f pe te n the 5 A cle 
A t est th de The f that the 
est ted rate high t fact fou t sigr nt it ew 


it is evident that enough copper may be trans- 
ported by this mechanism to change the shape facto 
of the section shown in fig. 9 by an amount equiva- 
lent to that observed for the shape factors ol the 
pore cross-sections for samples sintered in hydrogen 
at 1000°C. This rate is much greater than the trans- 
port by volume diffusion. Surface self diffusior 
measurements are not available for comparison, and 
it is possible that some contribution arises from thi 
ource. It appears, howevet that at 1000 C vape 
ransport is sufficient, in itself, to account for the 
rate of spheroidization observed. As the vapor pres- 
ire decreases very rapidly with temperature, thi 
may not be the case at lower temperatures. When 
high back pressures exist in the pores as may be the 
case when sintering occurs in argon, or when the 


urfaces mav be covered with an oxide film such a 


could occur when reducing atmosphere are not 
present, that is in either argon or the “vacuum” 
ed here. it is likely that vaporization would be 
eatly reduced. In the latter case irface diffusion 


} 


hould be similarly affected. This is in accord with 
the failure to observe marked change ir hape 


factors in the argon and vacuum sintered sample 


Growth of Pores 

rhe present treatment must be regarded as a firs 
approximation since the assumptions necessary to 
analyze the data and to solve the model permit onl) 


a semiquantitative comparison. The assumption 
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and steps in the procedure will first be outlined to 
give an overall picture, after which the reasons will 
be given 

The basic process is regarded as one of the “vapor- 
ization” of lattice site vacancies from the pores in 
accordance with the long recognized principle that 
vapor pressures are higher over smaller droplet 
Rapid establishment of vacancy concentration equili- 
brium in the immediate neighborhood of each pore 
leads to concentration gradients with the high end 
near small pores and the low ends near large pores 
or external surfaces. The flow of vacancies along 
the gradient builds up higher concentrations near 
large pores and external surfaces followed by con- 
densation thereupon, while evaporation must con- 
tinue from the small pores to maintain their equili- 
brium atmosphere. The net result is the elimina- 
tion of the smaller pores and the growth of then 
near neighbors at their expense. Some intermediate 
size will be static. Condensation of vacancies at the 
external surfaces accounts for the decreased density 
of the specimen 

In order to facilitate calculation the distribution 
of irregular channels was replaced by a random dis- 
tribution of spheres whose total volume equalled 
that determined experimentally for the compact by 
density measurements. The relative populations of 
the various sizes were taken to be those obtained 
by applying the Scheil table to the cross-section 
counts. It is probable that this is a reasonable as- 
sumption from a qualitative point of view since a 
rambling pore is likely to interact with various 
neighboring pores at different parts of its extremities 
like nearly independent pores of differing radii of 
curvature. However, it is unlikely that quantitative 
agreement can be expected from such an assumption 

Further, it Was necessary to assume nearly steady 
state flow along a linear gradient between pores 
Each pore was assumed to interact with only a 
limited though all were 
affected by the external surfaces. These conditions 
were achieved in a somewhat artificial manner to 
be described, but it is not thought that these ap- 
proximations are serious in view of the degree of 


number of neighbors 


uncertainty introduced by replacing the true pores 
by a sphere distribution. The authors do not wish to 
gloss over the assumptions introduced nor slight the 
effect they are likely to have on the quantitative re- 
sults. The general qualitative behavior of the model 

fixed by the mechanism assumed, and it should 
come as no surprise that the mechanism, chosen to 
fit experience, should endow the mathematical model 
with properties of the real system 

The Kelvin equation relates the vapor pressure 
of a droplet of radius of curvature, r, to its vapor 
absolute temperature, T, and the 


25M ( l 
pRT r r (1) 


where M is the molecular weight, » the density, and 
R the gas constant. We may replace the pressure 
lattice. If we 


o) the equa- 


pressure, p, the 


tension, 


irtace 


In p/p 


by the concentration of holes in the 


l 
take a flat surface for referenc e( = 


tion become 


2yM 
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Fig. 8—Space diagram showing the population dis- 
tribution of pores of various sizes as a function of 
time at 1000°C in hydrogen. 


The dash-dot curve traces the pore size at which the largest 
number of pores is found at cach time interval 


In our calculations the surface tension values fo1 
solid copper determined by Udin, Shaler and Wulff 
were emploved 

In order to estimate c,, it was assumed that the 
thermal energy of the crystal could be assigned to 
the lattice sites according to a Boltzmann distribu- 
tion. The fraction of the sites, f, having an energy 
greater than «, the energy 
vacancy in a copper lattice, were assumed to exist 
as vacancies. The quantity « was taken to be 39.7 
keal per mol following the procedure of Glasstone, 
Laidler and Eyring This value falls in the range 
Huntington and Seitz. The results 


necessary to form a 


prescribed by 
were 


700, 800, 900 


f 1.2x10°, 8.0x10 3.9x10°, 1.5x10 
If these calculations are correct, the equilibrium 
lattice is so dilute in holes that their interaction 
with each other may be neglected 

Consider a small sphere surrounded by a large! 
one concentrically, with equilibrium vacancy con- 
centrations c, and c. at their respective surfaces. As 
the sizes of the spheres change, c, and c, will also 


change. Instantaneously the gradient may be ap 


( 


proximated by where Ax is the distance be- 


Su 
tween the surfaces. The rate of diffusion of vacan 
cies g, is equal to the negative of the gradient times 


D,, the diffusion coefficient for vacancies in copper, 


hole 
[3] 
Sa er 
If the volume of a unit hole is vr. the number of 
these in a spherical pore is N where ris the 
radius of the pore The rate of loss of hole = 


proportional to g, indeed 


FEB. 1950, JOURNAL OF METALS~—385 


188, 


/ 
\ 
\ 
: 
< \ 
a 


220 


aN 
It is easy to solve this 
ng th to the case of a 


me 
‘ 
sun ‘ 
un 2 
urtace how that the 


appear quickly at these 


to cor tt the transtet 
term of me hbor Before 
complex analy howe 


Time in He 


386 


SPHEROIDIZATION 
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with table V 


MODEL 


Fig. 9—Schematic representation of a pore before 
(left) and after (right) a limited time of sintering. 
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[6] 


simple case exactly. Apply- 
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this more 


to evalu- 


Table VILL. Rate of Change in Number of Pores 


ute D,, the coeflicient of the diffusion of vacancies 

It is generally regarded that self diffusion in 
copper occurs by a vacancy mechanism. If this 
mechanism ts entirely responsible for self diffusion, 
the vacancies, being present in very small amount, 
must move much more rapidly than copper atoms, 
on the average, in order to accomplish the necessary 
transport. Indeed the ratio of the number of holes 
to copper atoms must be equal to the ratio of the 
fusion coefficient of copper atoms to the diffusion 
‘flicient of holes 

The ratio of the number of holes to copper atoms 
is the quantity f given above. Selecting reasonable 
values of the copper self diffusion coefficient from 
the four sets of data, permits the computation of 
the hole diffusion coefficients given in table VII 

It is now desirable to set up a more complicated 
model for comparison of its behavior with that of 
the experimental compacts. Taking the sphere dis- 
tribution obtained from the Scheil table, and cor- 
recting it to give the experimental density, a ran- 
dom dispersion in the sample is assumed Average 
distances between pores of any two sizes are ob- 
tained by arranging the total of the two sizes 
simultaneously on a simple cubic lattice and using 
the lattice parameter as the average distance be- 
tween pores. There will be six neighbors at distance 


a and eight at \ 2a. The proportion of total solid 
angle cut off by the cross-section of pores surround- 
ing a central pore is inversely proportional to the 
square of the distance between, and the diffusion 
gradient varies inversely as the distance, so the re- 
sultant effect on flow is the inverse of the cube of 


the distance. The pores at distance \/2a and more 
distant pores should contribute enough to make 9 
a good approximation of the coordination numbe1 
of the central pore. This must be weighted by the 
ratio of the number of pores of the second size to 
the total number of pores of both sizes. Finally 
the calculation must be carried out for all pairs 
of sizes 

Allowance must also be made for the nearly plane 
exterior surfaces of the sample. The average dis- 
tance from a pore to its nearest surface is 0.173cm 
As a rough approximation it was considered that 
the whole pore distribution was concentrated at this 
distance and all lost vacancies to the exterior. Neg- 


lecting the screening effect of pores on each othe 


\ 
) 
124 
4 aN dr 
[4] 
dt at 
ar 
[5] 
} dt 
D 
D D 
x10 75x10 
Ox10 
«10 
Pa; 
AY — 
: 2x 4 80x10 x10 4 97x10 lo 4x10 
4 2 54x x x10 H2x 10 19x10 41x10 2 60x10 
4 4x «it 40x10 7 60% 10 ‘ 
x 4 26x10 2 60% 2 57x10 2 40x10 x10 
‘ x10 2 27x10 x 02x 9 20x10 4 62x10 
? 2x1 4 75x10 80x10 65x10 75x10 4 
4x10 2x 2 49x10 2 52x 6x10 7 
2 74x 4x 25x10 ! x10 2 «1 2.25x10 
2 “gx 1 48x bax lo x10 
‘ ax x 62 x10 47 «tt 2 7 xi 
“al 


may tend to give high results, but irregularities in 
shape leading to quicker dissipation of pores at 
points of high curvature seem to overbalane this 
From Eq 5 
dN dr 
where N the number of unl 
dt dt 
holes leaving spheres of size r, per unit time. From 
Eq 6 
dN (7] 
at Aa 
3yv introducing N., the number of pores of radius ? 
Eq 7 now gives the rate of loss of vacancies from 
all pores of that size 
An area factor must then be applied to weight the 
proportion of the vacancies emitted from a single 
pore which migrate toward pores of the different 
sizes. This is done by saying that that fraction of 
the total solid angle covering the emission to a given 
size is proportional to the square of its radius (r,’) 
divided by square of the average distance from the 
central pore (ix,,°). A normalizing factor may then 
be found so that the total of all sizes adds to unity, 


or 


Aa LA {8 | 


At any instant a pore will he gaining vacanec! 
from smaller pores and losing them to larger pores 
For twelve size ranges of progressively larger radius 
(the radii employed are integral multiples of 
0.000125cm) and the extericr surface we have 


12 SAC 
dN = 
(1) N,D = A 
at 2 Aa 
[9] 
dN 
(ua) 47D Ny 
it Aa 
12 sac AC 
A 
An 
12 Cc 
(riti) dN Ny 


Calculated 


Time 


Table LX. Rate of Change in Number of Pores 1000° 
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lhe model, though admittedly crude, should show 
roughly the same behavior as observed in the pow- 
der compact and should give reasonable relative 
agreement in regard to which sizes are increasing, 
which decreasing, and how fast 

The calculations required to apply this set of 
equations to the case at hand have been carried out 
for each of the four times in hydrogen at each of 
the three temperatures The N, were those corrected 
to give the measured density. However, this cor- 
rection throws off the real count enough that some 
sizes, Which are decreasing in number, appear to be 
ncreasing. For this reason it Is necessary to com- 
pare our calculations with the rate of increase 0! 
decrease of pore count before density correction 

The calculated values for the rate of increase 0! 
decrease in pore sizes 1 to 12 (number pet hr) and 
the decrease in density of the sample (cc per sec 
per cc) are given in tables VIII and IX for all ex 
periments carried out in hydrogen. The experi- 
mental rate of density change 1s given tor compari- 
son at the bottom of each table. The discrepancies 
are large at low temperatures and short times, but 
agreement improves markedly at higher tempera- 
tures and longer times, the results at 1000°C and 
1000 hr being of the same order of magnitude 

Numerical agreement in change in pore count Is 
also poorest for the lowest temperatures and times, 
but the property of decrease in the number of small 
pores and increase in the large ones is always pre- 
served. The point at which the rate changes from 
positive to negative experimentally is indicated by 
the positions of the lines between the columns, and 
it is seen that this agrees well. In table IX the 
measured average rate of pore count change Is given 
for 1000°C and 100 to 1000 hr. The agreement 1s 
considerably better than one might expect in view 
of the approximations made earlier. Indeed, the 
difference for most sizes is just about the factor in- 
troduced by the density correction 

The theoretical equation, therefore, reproduces the 
behavior of the sample well when the pore shape 
has become regular, but cannot take into account 
the extreme irregularities of the pores in the early 
stages of sintering 
Several predictions may be derived from the 


theoretical picture proposed here 
1. In the sintering of a pure metal powder which 


Measured 
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at 
Size 
1 42x10 Sx lO ¥ 
2 61x10 71x10 26x10 12x10 24x10 
10x10 23x10 x10" 13x10 
1 8x10 67x10 2.0xK10 82x10 
89x10 4x10 1 1200 
49x10 19x10 1 1 220 
7 0x10 12x10 2x10 716 a3 
2.0x10 74x10 7500 60 
13x10 200 191 77 
9 5x10 6x10 700 2 
l 71x10 2.7x10 2800 00 > 
12 54x10 2. 0x1 2100 94 
jerisit 13x10 74x10 25x10 0x10 
fensit ‘ 0x10 9 0x10 Ox 10 
* Corrected for densit Pores per hr 
Uncorrected for densits er ec ¢ ea 
See note, table VIII . 
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theoretical model has been formulated, in terms ol 
the vacancy mechanism of body diffusion, to account 
for the change in pore distribution and ¢Censification 
It has been shown to lead to reasonable agreement 
with the experiments, under the most nearly ideal 
conditions. It is also proposed that vaporization May 
be an important mechanism in the tendency of pores 
to assume regular shapes, at least in the early stages 
of this process at high temperatures 

Several consequences, which may be checked ex- 
perimentally, have been inferred from the theo- 
etical model. It is found that the self diffus:on 
coefficients of iron change at the alpha-gamma 
transformation temperature in the direction to be 
expected from the behavior of the densification rate 
of iron powder compacts 
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The Effects of Molybdenum and 


Commercial Ranges of Phosphorus 


Upon the Toughness of 


Manganese Steels Containing 0.40 pct Carbon 


by M. Baeyertz, W. F. Craig, Jr., and J. P. Sheehan 


The loss in toughness caused by phosphorus within commercial ranges was 


studied in AISI-SAE 1340 steel and in molybdenum modifications of this grade. The 
replacement of part of the manganese by molybdenum in amounts which maintain 
the hardenability of the standard 1340 grade was shown to counteract to a marked 


HIS paper deals with the effect of phosphorus 

on the toughness of 1340 steel and with the 
effect on toughness of replacing part of the manga- 
nese by molybdenum while retaining the same hard- 
enability as that of 1340 

In previous work a progressive decrease in tough- 
ness was observed when the phosphorus content of 
5140 was raised from 0.020 to 0.036 pct: that is 
from a moderate phosphorus level to one higher but 
yet within the AISI-SAE specification for thi 
grade. The structural condition of the steel was 
tempered martensite. Toughness was evaluated by 
the transition temperature determined by V-notch 
Charpy tests. Replacement of a part of the chromi- 
um in 5140 by molybdenum provided a factor of 
safety against loss of toughness caused by phospho- 
rus, especially where the steel was cooled slowls 
after tempering 

Scope of the Study: In view of the improved 
tolerance for phosphorus obtained by replacing a 
part of the chromium in 5140 with molybdenum, it 


degree the detrimental effects of phosphorus 
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seemed desirable to investigate the possibility of 
obtaining similar improvement in 1340 by replacing 
part of the manganese with molybdenum. Heats 
were made at different phosphorus levels, in a series 
that began with 1340 and ended with steels con- 
taining 0.32 to 0.35 pet Mo with 0.82 and 0.90 pet 
Mn. The analyses of the heats are given in table I 
In order to facilitate later discussion, the 1340 heats 
have been placed together in the order of increasing 
phosphorus content, and the molybdenum modifica 
tions have been grouped according to phosphorus 
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Table I. Chemical Analyses Hardenability of the Steels: The Jominy harden- 
abilities of the various heats are recorded in table 


Grade Heat ‘ Mn r . si Me MoP Il. The specimens were standard bars, machined 
from normalized and tempered stock as described 


‘ 279 39 ) 2 2 2 0 04 previously, and were quenched from 1550 F. The 
| ASTM austenite grain sizes given in the table were 
: 9 79 O:st 22 2 .00 0 determined from the Jominy bars. While the hard- 
Mt 279 ) ‘ , 22 : 20 enabilities of the steels vary somewhat, all are 
2 within the range that might be expected from the 
289 ' , q 29 $7 composition limits of the standard 1340 grade 
4 ; Impact Behavior of the Steels: The measure ot 
2 toughness used in this study is the transition tem- 
perature revealed by the relation of absorbed energy 
to testing temperature in the notched-bar impact 
’ tests. Fig. 1 through 11 show the impact transition 
content. All of the heat vere treated with alum curves of tempered martensites obtained from the 
, inum. to be comparable with commercial steels heats under study. Each figure affords a comparison 
= made bv fine grain practice f the transitions in the same steel, as they depend 
f rhe methods of producing and forging the steel ipon the rate of cooling after tempering for 1 hr at 
and of preparu heat treating and testing the speci- 1150 F. The experimental points have been omitted 
ry. G men we re the same as those described previously from the figures to avoid confusion. The number of 
in the work on 5140 and Mo-Cr steels. Briefly, 500- pecimens used to determine each curve and the 
lb laborato nduction furnace heat were made deviation of individual points from the curves in the 
and poured in 460 II wot After forging. the steel figures are closely comparable with the earlier work 
i, was normalized from 1550 F and tempered at on 5140, for which all of the experimental points 
1200 F before machining the pecimen The final were published 
: y t treatment was ca ed out on 0.016 in.-oversize \ value of 40 ft-lb appears best to approximate 
; Charpy blanl ind col ted of renching in oil the steepest portion of the energy curves for the 
: wn 1550 F, tempering for 1 hr at 1150 F, and then 1340, Mo and Mo-Mn steels as a group. This energy 
; . yuenchir nm wate wv cooling to 700 F at essen- value has been used arbitrarily in obtaining the 
% tially 12. 3 or '4 F per min. All of the specimen transition temperatures plotted in fig. 12 and 13 
f with controlled coolit vwtween 1150 and 700 F Comparisons by other criteria of transition tem- 
"i vere cooled i i { m 700 F. Transition tempera perature as desired by the reader may be made 
tures were determined by testing V-notch Charpy from fig. 1 through 11 
pecimens over a sufficient range of temperature It is desirable that comparisons of toughness be 
Standard Jominyv bat were ised n evaluating made at the same hardness level. Hardne value 
denabilits of the specimens used in this study are given in fig 
Slow rates of cooling through the temperature 1 through 11, from which it will be seen that most 
ri inve f termpe emt ttlement cause a loss of tough- of the values are in the range of 20/27 R rhe rela- 
. re isceptible stec The amount of thi 0 tively small variations in hardne were considered 
hes flepends upon both the eptibility of the steel t less objectionable than the means which would have 
7 empe embrittlement and the ojyourr n the en had to be emploved to avoid them—change of tem- 
britt temperature nee that 1 ovided by the pering temperature or time. For any given heat, 
of ce ! ate Ihe ecimet that vere quenched the difference between the hardness as quenched 
j f e tempt t ture were intended te from 1150 F and as cooled at 'y F per min is at 
“N i none ttled 1 hile the othe ce most 4R inits. The difference due to the greate 
! te vere cl en te t te ite that might esistance of the molybdenum steels to softening on 
be ¢ ntered in comme heat treatment tempering amounts to a maximum of 7 R, unit 
Table Hardenabilities, Standard Jominy Test 
Keckwell © Hardness at Indic ed Distance 
a" from End of Specimen, in Sixteenths of Inch 
Nuste nite 
Grade Pet Mn Pet Mo PetP Grain 
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Fig. 4—Impact transi- 
tion curves for 1340 


steel. 
Specimens oil quenched 
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one hour at It and 
cooled at the rates indi 
cated 


Fig. 5—Impact transi- 
tion curves for mo- 
lybdenum steel. 
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Fig. 6—Impact transi- 
tion curves for mo- 
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Fig. 7—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 8—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 9—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 10—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 11—Impact transi- 
tion curves for mo- 
lybdenum steel. 
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nded an increase in phospho- 
36 pct in 1340 steel are shown 
ion curves of fig. 1 through 4 


n the form of transition tem- 


iness of 1340 steel, even when 
yuenched in water after tem- 
tween 0.012 and 0.028 pct P 
80 F. However. the steel with 
of 0.036 pet appeared incon- 
ng a slightly lower 


with 0.028 pet P 


decreased, the transition tem- 


wsphoru level rose Further- 
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cooling rate When cooled at 
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Fig. 183—Effect of replacement of part of manga- 
nese in 1340 by molybdenum. 
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pet P showed a greater loss of toughness than the 
1340 with 0.028 pet P. Within the scope of the data 
the greatest difference in the influence of phospho- 
rus in 1340 appears to be in the range of 0.012 to 
0.020 pet P, although phosphorus contents above 
0.020 pet cause an additional susceptibility to tem- 
per brittleness. Thus 1340 steel with a phosphorus 
content that would be considered to represent good 
open hearth or electric furnace practice still might 
show a high degree of isceptibility to embrittle- 
ment 

Effect of Phosphorus in Mo and Mo-Mn Steels 
with Hardenability Similar to 1340 H Steel: The 
impact transition curves of fig. 5 through 11, to- 
gether with the summary of transition temperatures 


in fig. 13, show the extent to which replacement of 
a part of the manganese in 1340 by molybdenum 
counteracts the loss of toughness caused by phos- 
phoru 

In a steel containing 0.010 pet P and 0.32 pet Mo 
heat 2796 in fig. 5. no loss of toughness occurred 


even with a cooling rate as slow as '4 F per min 
The behavior of the Mo steel, fig. 5, may be com- 
pared with that of the 1340 steel containing 0.012 
pet P, fig. 1. With this low phosphorus content, the 
1340 steel has about the same transition tempera- 
ture as the Mo steel, when the specimens were 
quenched in water after tempering: but, with cool- 

less the 1340 steel 
exhibits considerable loss of toughness. By con- 


19 


ing rates of 12 F per min and le 
trast, the Mo steel retains its toughness even when 
cooled at a rate of ‘4 °F per min 

The effectiveness of the replacement of 1 pet Mn 
by 0.35 pet Mo in controlling loss of toughness 
caused by phosphorus will be evident on comparing 
the data from heat 2796 (0.010 pet P, 0.32 pet Mo) 
with that from heat 2782 (0.034 pet P, 0.35 pet Mo) 
Even with a cooling rate of '; F per min, the 0.034 


pet P steel had a transition temperature of 95 F 
only 35 F above that of the 0.010 pct P-Mo steel 

The progressive nature of the control of transition 
temperature effected by replacement of a part of 


the manganese in 1340 by molybdenum will b 


Visualized readily from fig. 13. The more slowly the 
teel is cooled after tempering and the higher the 

sphorus content, the greater must be the re- 
placement of manganese by molybdenum to prevent 
an appreciable rise 1 transition temperature. Ti 
I { the transition temperature at 75 F or below 
n the 1340 steel require the lowest phosphoru 
evel (0.010/0.012 pet) and requires wate quench- 
tempering. With only 0.06 pet Mo the 
ntermediate phosphe evel (0.024/0.027 pet) 
ind a cooling rate after tempering of 12°F per min 
can be tolerated. With 0.10/0.12 pet Mo the inter- 
mediate pl phe i evel and a cooling rate of 3 F 
per mir r the highest pl phorus tevel (0.033/0.036 
pet) and a « t ite of I er mir 
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in the hardenability of the 1340 grade. Similar con- 
clusions were reached earlier from a study’ of the 
replacement of chromium in 5140 by molybdenum 
A unique relation between molybdenum and phos- 
phorus contents in determining the toughness of 
tempered steel is suggested by the dependence of 
transition temperature on the Mo/P ratio and the 
cooling rate that is shown in fig. 14. Data from all 
of the heats of 5140, 1340 and molybdenum modi- 
fications of both grades are included 

It may be of interest to compare 1340, 5140, and 
0.16/0.18 pet Mo modifications of these grades. Table 
III lists pertinent transition temperatures. While 
the 5140 steels show somewhat less loss of tough- 
ness than the 1340 steels, when comparisons are 
made at the same phosphorus content and cooling 
rate, the maintenance of toughness in the 0.16/0.18 
pet or higher Mo modifications of either grade is 
outstanding 

In the practical application of replacement of 
manganese or chromium by molybdenum, items to 
be considered in selecting the minimum amount of 
molybdenum required to guard against a detri- 
mental loss of toughness are 


The size of section to be heat treated (cooling 
rate from tempering temperature) 

The most critical stress state to which the part 
will be subjected 

The minimum expected service temperature 
The maximum phosphorus content anticipated 
in the steel 


While the ladle analyses of commercial alloy steels 
are usually well below the maximum allowed by the 
AISI-SAE specifications, even these moderate phos- 
phorus contents may cause loss of toughness in some 
grades. This was shown to be the case in 1340 
Moreover, phosphorus has a marked tendency to 
segregate in steel ingots. Hence, when a high degree 
of toughness is required, it would appear necessary 
to select a specification which will previde required 
properties in all portions of the steel actually used 


Conclusions 


1. Replacement of a part of the manganese in 


1340 steel by molybdenum, in proportions required 
to maintain the hardenability of the grade, reduces 
the loss of toughness caused by phosphorus in tem- 
pered martensite 

2. The tolerance for phosphorus provided in tem- 
pered martensite by partial replacement of manga- 
nese by molybdenum depends upon the amount of 
the replacement and the heat treatment of the steel 
Appreciable improvement resulted from as little as 
0.06 pet molybdenum. With 0.18 pct Mo, toughness 
was virtually unaffected by the severely embrittling 
treatments employed in this work, even with a 
phosphorus content of 0.035 pct 
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The Tin-Fusion Method 


tor the Determination of 


by Dennis J. Carney, John Chipman, and N. J. Grant 


Based on the design of vacuum fusion apparatus, an improved system has been 


Hydrogen in Steel 


developed solely tor hydrogen analysis. A tin-iron bath permits melting and operation 
at 1150°C. Heating and stirring are accomplished by induction heating in a water 
jacketed silica tube. All grease is eliminated from the system by means of mercury 
valves. Routine 15 min analyses are standard. Precision of 0.1 parts per million 


INCE the beginning of this century it has been 

known that hydrogen contributes to the porosity 
of steel and that it is harmful to its mechanical 
properties. The evidence for this has been largely 
qualitative. Steel to which hydrogen was pur- 
posely added in sufficient amounts was shown to 
be either porous or brittle or both, whereas similar 
steel of low hydrogen content was shown to be free 
of porosity and to possess normal physical proper- 
ties. There have been a considerable number of 
qualitative experiments of this type 

Also, early in this century, a few attempts were 
made to measure the amount of hydrogen normally 
dissolved in commercial steels. This was usually 
done by placing the sample under an inverted 
liquid column such as mercury and collecting the 
evolved gas. These attempts, while not successful 
in measuring actual amounts of dissolved hydrogen 
gas, were able to prove that this gas will diffuse out 
of steel at room temperature, and that the amount 
of hydrogen dissolved is normally very small. On 
the basis of such qualitative evidence, hydrogen 
has been and still is blamed for a great number of 
the troubles encountered in the steel industry 

In recent years, partial solutions for many steel- 
working problems have been obtained. These have 
led to increased interest in accurate quantitative 
work on hydrogen in steel. with the expectation 


for a 2 g sample is attained. 
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that the results might possibly answer a few of 
the remaining unsolved problems. Coramercially 
two of the obvious questions which are in need of 
an answer are: (1) what are the most important 
sources of hydrogen, and (2) what quantity of 
hydrogen can be tolerated in various steels? 
There are many other unanswered questions. To 
begin to find the answers it seemed logical to start 
at the beginning of steel production with the liquid 
metal. Further, it seemed almost imperative to 
solve first the problems of analysis and sampling 
of the metal for hydrogen. Once these problems 
have been solved, it would be possible to answet 
more of the important commercial problems men- 
tioned above. As a consequence, it was decided to 
design an analytical apparatus and, upon satisfac- 
tory completion of this, to develop an accurate 
method of sampling liquid metal for hydrogen 
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Fig. 1—Analytical apparatus for hydrogen in steel. 
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Table lL. Methods of Steel Analysis for Hydrogen 


Average Total Time 
Furnace Tempera- Compositions of of Analysis, Estimated 
Crucible ture, © Evolved Gases Hours Prectsion 


Method 


Vacuun Graphite 1600 95 pet CO N 1 0.1 ppr 
H 


fusior 


Vacuu ili 90 pet H 0.01 ppn 
extractior BO 10 pet CO N 1 0.1 ppm 
olid state Hom 1 0.1 ppr 


H.O 


Germany combined the solid extraction method with vent splashing of metal out of the furnace when 


the tin-fusion method in one analysis. Gas was col- the specimen was dropped into it. The whole as- 
lected in the solid state for 212 hr at 400°C and for 4 sembly was water-cooled by means of a pyrex 
hr at 1100 C, then the sample was melted in tin and jacket. The furnace was heated by means of a high 
the remaining gas collected for an additional 5 hr frequency 7.5 kw Lepel unit. 
Elsewhere, the tin-fusion method apparently has Mercury Cut-offs: There were no stopeocks within 
been used only by Naughton’ at General Electrix the analytical portion of the apparatus. Five mer- 
Naughton briefly investigated the method after us- cury cut-offs were used in place of stopcocks. There 
ing the normal vacuum fusion method. His prelim- were two reasons for this: (1) to eliminate the pos 
inary work and a study of the published methods sibility of hydrogen being absorbed by the stopcock 
of analysis of steel for hydrogen indicated that tin- grease, and (2) to obtain better control of the vacu 
fusion offered promise of being rapid, accurate and um which is sometimes erratic when using stopcocks 
neta The various methods are summarized in Mercury Diffusion Pumps: There were two three 
: stage mercury diffusion pumps. Pump 1 was used 
Apparatus to evacuate the gas from the furnace, placing it in y 
The apparatus is shown schematically in fig. 1 and a known volume, and also to circulate the gas _ 
a photograph is given in fig. 2. The apparatus wa through the copper oxide oxidant and freeze-out ea 
made largely from 20 mm pyrex glass tubing. A traps. This pump was designed so that the outlet - 
small amount of silica tubing was used for the fu portion of the pump was a part of the known volume 
nace. The essential parts of the apparatus are listed which is relatively unaffected by pumping speed o1 
in fig. 1 pressure of the stored gas. This pump will continue 
A brief description of these parts and their put to operate at back pressures up to 20 mm of mercury ‘ 
pose follows Pump 2 was used to keep all of the analytical por- 
tion of tubing which was in back of the circulating 


Mercury Lift: The mercury lift was made fron 
0 mm pyrex tubing. It was a mercury column of 
tht which was used for admission of 


pump at a very low pressure (essentially gas free) 
It also isolated this section from the stopcocks used 


barometric hei 


samples. It allemand one to add new samples at will to raise and lower the mercury cut-offs, and from 
to an evacuated and “baked-out™ system without any back diffusion from the oil pump 

breaking the vacuum. This was necessary since Known Volumes: The two known volumes indi 
hydrogen samples can not be stored at room tem- cated in fig. 1 are V,, 362 # ce, and V,, 650 
perature in a furnace head under vacuum in the 8 cc. The known volumes were calibrated by 


system 

A small plunger was placed in the “T” section a 
the top of the lift to keep mercury splashes withi 
the mercury column on admission of sample 


pumping prepurified nitrogen at atmospheric pres 


‘ sure from a small mercury-calibrated volume into 


the ystem volumes and measuring the resulting 


pressure with the McLeod gauge 


Furnace: The furnace section is shown both in fis Copper Oxide Oxidant: The copper oxide furnac 

and in detail in fig. 3. The upper portion of th was simply a U tube of 20 mm pyrex tubing in a 
furnace was made of pyrex and consists of a sight chromel-wound resistance furnace which is main- 
glass with an optical prism for reading the bath tem- tained at a temperature of 350° to 400°C. The oxi- 


erature, a shutter to protect the sight glass from dant consisted of cupric oxide made from copper : 
metal splashe a funnel to guide the samplk into gauze which was alternately oxidized and reduced ¢ 
the furnace crucible, and a 55/50 female ground with tank oxygen and hydrogen ga This was done 

la joint. The lower section was composed of a 45 by connecting the gas inlet and outlet to two 

mm clear silica tube with a 55/50 mule ground joint mall tubes joined immediately above the oxidant 

The eal between the two joint was made witt Turnace To a t the gas passing through the ox: 

Apiezon W wax. The melting crucible was of opaque dant, a vacuum line was connected to the outlet - 
silica 142 In. In diam and 4 in. long. This was set nipple during the activation proces 

inside a short alumina crucible which was used as a Palladium Tube: The smal! palladium tube wa 

heat insulator and also as a safety measure in case of used to introduce pure hydrogen into the system : 
cracking of the quartz melting crucible. A Vyeor It was heated by a small resistance coil while tank 

funnel was placed atop the melting crucible to pre hvdrogen was passed over it Th provided a rapid 
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Fig. 2—Analytical apparatus for hydrogen in steel. 


method of intro ing p hvdro ! ystem was evacuated for approximately 


{1 in checking the n n This is normally called “baking” or “blanking 

nalvtica vstem i 
Silver Tube and Platinum Filament: Th | After th “bake-out™”. the analvtical section 
tube and atinum filament were installe¢ riginally of the apparatus was checked First, there was 
ually a very small build-up in pressure which 

eared to come from the oxidant, freeze-out traps 

and mercury pump. The pressure was measured by 

g the mercury cut-offs 1 and 5 (see fig. 1) 

and holding for | ] after which cut-off 4 was 
aised and the pressure increase, if any. was read 
Second, the efficiency of the oxidant and freeze-out 
was measured. This was done by raising cut- 

4 and 5 and allowing hydrogen to diffuse through 
heated palladium tube. The amount admitted 
measured by the McLeod gauge and was then 
ilated over the oxidant and freeze-out traps by 

+. The circulation was carried on 

of the admitted hydrogen had 


‘ 


time for thi 
which was 
at the end of the 
the oxidant effi- 


process 


Freeze-out Traps 


‘ ‘ 
9 


cut-offs 

min afte: 

ssure Was 

was 

determined time 

‘ut-off 4 was raised 

re again read Any decrease in 

was called the blank. The ap- 
analy 


was washed carbon tetrachlo- 
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‘ 
and 
thor | y removed ihe length 
the ‘ md fron >to OOOT mn nad the third from letermine i the required ¢ reu 
O2t 10° mm of mercu isuallv about 9 mit (Check 
isea 
t formed bv the oxidant Phe tray vere cooled by a and 4 and coliect 
mixture of d e and acetone vhich cut-off 1 w 
measured on the 
The furnace crucible Via nitially harged by lowe nz cut-off! 
with approximately 130 of chemica pure tu nd the as pres 
t et ind U | hed con metal The fu pre ire measured 
ace ectior Wil i embied the yaten ‘ acuated atu Wa now re 
ind the furnace heated t 150 C. At th tempera The imple 


ride, dried in a current of filtered air and weighed 
With all cut-offs down, it was placed under the mer- 
cury lift and floated to the top. There it was picked 
up by a magnet”® and pulled over to the furnace 


* Nonmagnetic samples were first wrapped with one tur 


wire so that they could be carried the furnace 


Any air bubbles arising out of the mercury columns 
when the sample was admitted were swept out 
while the sample was being handled by the magnet 
Cut-offs 2 and 4 were then raised and the sample 
dropped into the furnace. As in the blank run, gas 
was collected for 10 min and then circulated for the 


required time. The decrease in pressure obtained 
less any blank value, determined directly the hydro- 
gen that was present. All cut-offs were then lowered 


to be ready for the next sample 
Discussion of Procedure 


Analytical Pressure Increase: The pressure in th 
analytical portion of the apparatus increased slight- 
ly with the age of the oxidant and with an increase 
in the amount of mercury vapor deposited in the 
freeze-out traps. Any oxidation of the mercury in 
diffusion pump I forms mercuric oxide which slowly 
decomposes giving another source of pressure bu.id- 
Normally this pressure 

Howevel 


up in the analytical section 
increase was small enough to be ignored 


even if the pressure build-up were moderately high 
but constant, it would not affect the analysis since it 
was automatically taken care of in the blank de 


termination 

Oxidant Efficiency: Th: 
tained was very good. In 
all analyses, 98 to 100 pect efficiency was obtained 


oxidant efficiency ob 


approximately 80 pct ot 
with a 5-min circulation period. Circulation time 
of over 10 min were 
have been due partially to the fact that the evolved 
hydrogen, with very lttle CO 


never necessary. This may 


were large 
Another important facto: 
tion of the gases by the diffusion pump 


was the speed of circula 


In a similar analytical procedure, Derge observed 


acetone and dry 


that the freeze-out traps of ice at 


thei temperature of 78 C would not 
solidify completely t formed. Th 
was due to the fact that the equilibrium vapor pre 


greater than 


normal 
he Water vapol! 
sure of dry ice at this temperature wa 
the pressure of the system. It was necessary to keep 
the trap temperature below 90 C, which was ac- 
complished by bubbling air slowly through the ace- 
tone. One could easily regulate the temperature of 
regulating the flow of the air. Thi 


simple method of keep- 


the traps by 
proved to be an efficient and 
ing the traps at the desired temperature for long 


periods of time 


Blanks: After a 4-hr bake-out period at 


1150 C 


the blank was quite low as shown in table II. Most 
of the blank gas was pumped out within one hour 
and thereafter the gas was evolved more low ls 
After a 2-hr bake-out in most cases it was possible 


to begin analyses of high hydrogen samples 


a blank determination since the blank value was 
decreasing at a slow and 


without 


moderately low and wa 
consistent rate. The best blanks were obtained with 
sible to melt 


the opaque silica crucibles. (It was po 


solidify and remelt in these quartz crucibles without 


cracking so that the same crucible could be reused a 
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Attempts to use other crucible 
materials such as alumina or beryllia resulted in 
higher blanks and in cracking of the crucibles on 
remelting. With quartz crucibles, a low blank was 
obtained more rapidly with crucibles that had pre- 
viously been heated in air at a temperature of 800°C 
It would be expected that a low blank could be ob- 


number of times.) 


tained even more rapidly with clear quartz crucibles 

Since the majority of samples analyzed in this 
nvestigation weighed approximately 2 g, the blank 
was figured on this basis in table Il. The blank was 
also calculated for a 10-g sample for comparison 
with the results of other investigations. A larger 
weight sample would, of course, result in even lowe! 
Blanks were normally determined three to 
The hydrogen values in 


values 
four times during a day 


Table IL Sample Blank Run 


AM. Furnace on at 
Wg Sn. Si 


Silica Crucible 


Blank Values, ppm) in Min 


Sample Sample 


0 0.36 
1a o4 0.08 
2.0 4 0.08 
0 0.02 
t ( 000 
ated in air one hour at 800°C 


ubsequent figures are given as 
yal (ppm). These values appear as 
imple whole numbers which are easy to handle 
rhe value given as ppm is converted to weight per- 
cent by moving the decimal point over four digits 
to the left 


table II and in all 


parts per million” 


Evolved Gases: The gases evolved from dissolved 
amples averaged 50 pet hydrogen by volume. The 
eldom less than this and 
then only on low-hydrogen samples. The hydrogen 
was sometimes as high as 90 pet of the total gas in 
i-hydrogen samples. The residual gas was large- 
ly nitrogen and carbon monoxide. The smal! amount 
of silicon was added to the tin as a deoxidizer in 


hydrogen percentage wa 


to keep the amount of evolved carbon mon 
A higher percentage of silicon could not 


order 
oxide low 
be added since it raised the melting point of tin 
harply 

There was no evidence of methane or water vapor 
Water vapor could be detected 
on a McLeod gauge of the type described by taking 
readings on 2 of the 3 cahbrated sections 


in the evolved gas 


pre ure 

If water vapor was present in the gas, it would con- 

dense in the gauge and the readings obtained on the 
sections would not be in the perfect gas ratio. All 

were made on at least 2 of the 3 sections 

detected, 


readings 


In the few cases where water vapor was 


t could usually be traced to some external cause 
uch as adsorbed or trapped water on the surface 
of a poor sample and was not a part of the dissolved 


nydrogen 
tated in the ection 


were de- 


Time of Gas Collection: A 
on analytical procedure, the 
assed for 10 min. This time wa 
ample for 9 mtn 


pecimen 
determined by 
analyzing 


collecting as from a 


this portion, and then collecting gas for an additional 
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min. The second 5-min collection period in al 
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J Furthe evidence that 1 O-min collectior tirme 
» 
vu ifficient ample vhich dissoived in to 2 
nw btained from the liquid equilibrium san 
2 vhich w be discussed late ample 
' d hydrogen results when collected 
rh collection time was muct 
' te han in previous methods of analy It wa 
eve t ) fast solution of the sample; (2) 
ipid ul peed of the diff on pum (3) 
i ‘ it 1 t lus to con tant 
bath | ndu n heatir 
Tin Vapor: In the past an objection to the ti 
ision method has been the vaporization of the tin 
rie hie iun In th nvestigatior t did 
P ‘ ‘ i hbrectior The metal vapo 
tse i { i} Hier net it \ eu con 
ensed the Vale ea |! nace tube a 
he DYN ept ne tne ten 
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Fig. 3—Detail of 
furnace. 


Absorp- 
ion is strongly time-dependent. The longer the ume 


hvdrogen was adsorbed by the condensat 


if contact between the gas and the vapor, the more 
chance there would be that adsorption might occur 
This was illustrated experimentally by Derge who 
bubbled known amounts of gas through liquid iron 
na vacuum. He found no adsorption of the gas by 
the metal vapor On the other hand, German 
workers did observe adsorption by tin vapor with 
aid r gas collection. The difference in these ob- 
ervations was believed due primarily to the time 
tacto! Checks were made in this investigation Dy 
heating the tin condensed on the furnace tube with 
i: Bunsen burner after a day’s run. Hydrogen was 
‘btained from the heated condensate only when the 
furnace blank of hydrogen was unusually large dur- 
ng the entire dav’s run. In the normal case, wher 
there was a small amount of blank hydrogen gas, 
no hvdrogen wa obtained from the heated con- 
Since the samples were degassed in 5 min 
or less at very high pumping speeds, the amount of 
would be adsorbed in this hort 


analytical results ob- 


hydrogen which 
me wa insignificant The 


viewpoint 


‘ 
— 
— mand 
| 
| 
7 
4 
) 
‘ 
q 
i 
ed verified this 
Variou ther melting baths were ised expel 
188 


mentally to obtain a lower bath temperature and less 
vaporization of the metal: these systems were cop- 
per-tin, copper-silicon, copper-tin-silicon, copper- 
aluminum, aluminum-tin, and copper-aluminum-tin 
Some objections to these liquid baths were (1) 
formation of 2 liquid phases, (2) heavy oxide cover- 


ngs, and (3) large increases in melting points after 


Treatment 


addition of 6 or 7 samples. In all the metal baths used 
in Which the samples dissolved, good hydrogen re- 
obtained. However, the tin bath con- 


silicon appeared to be superior to the 


sults were 
taining pet 

others in most respects 
Accuracy and Precision: The precision of the ana- 
lytical section of the apparatus was more than ade- 
quate. The hydrogen was measured by recording 
gauge in a 


McLeod 


known volume. The known volume normally used 


pressure differences on the 


was measured with a precision of 8 ce in 650 co 
This uncertainty in volume amounts to 0.1 ppm of 
hydrogen for a 2-g sample of average hydrogen con- 
tent. The pressure difference was usually measured 
on the middle section of the McLeod where the pre- 
cision is 0.1 ppm fer a 2-g sample. For low hydrogen 
samples, the difference may be read on the upper 
equivalent to 0.02 


section where the 
ppm 

Normally the 
analytical apparatus as a unit are determined by the 


precision Was 


accuracy and the precision of an 
use of standard samples. For hydrogen this cannot 
be done because there are no standards for hydrogen 
n steel. Further, there is no assurance that two 
pieces of solid steel when treated in the same manne! 
will dissolve and retain equal amounts of hydrogen 
piece will dissolve hydrogen uni 
formly along its length. As 
ducibility of the method a number of samples were 


either pickled or electrolytically charged in small 


or that a single 


a measure of the repro 


tored and analyzed. The 

shown in table III 
While it is still difficult to distinguish by these re- 
sults between the precision of the apparatus and that 


lots and were subsequently s 


results of some of this work are 


of the sampling and storage, the results indicate a 


satisfactory degree of reproducibility. The foregoing 
considerations and the results of analysis of approxi- 
mately 600 samples within one vear's time indicate 
precision for the analytical apparatus which is of the 
order of 0.1 ppm, and all results are therefore ex- 
pressed to no less than 0.1 ppn 

The determination of the accuracy of analysis was 
difficult In this case it wa 


even more necessary 


mount of hydrogen that wa 
Some méasure 


to know the absolute 
in the 
of the accuracy of the analytical method used in thi 


ample before it was analyzed 


nvestigation had been obtained from the work on 


ampling liquid steel. In this case the amount of 


Table UL. Hydrogen Results from Duplicate Steel Samples 
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ivdrogen that was in the lhquid metal was known 


} 

from previous equilibrium solubility data. The 
problem was to sample, store and analyze samples 
taken from this liquid. The results of this study 
which will be described in another paper" indicate 
an overall accuracy of the order of a few tenths of 
one part per million 


sample Neo 


Summary 
Following the basic pattern of the vacuum fusion 
system has been designed 


apparatus an analytica 
and built for the sole purpose of analyzing hydro- 
gen in steel and other metals. Refinements have been 
incorporated which 

1. Permit fusion in an induction heated silica cru- 
cible operating at 1150 C in a fluid tin-iron bath 
The furnace is water cooled to condense metal vapors 
and to prevent the outward diffusion of hydrogen 

2 Eliminate all grease from the system to pre- 


vent adsorption of the hydrogen 
3. Permit 15 min analysis per sample on a stand 
ard operating schedule. This is possible because of 
the vigorous induction stirring of the metal bath 
With this apparatus a precision of + 0.1 ppm for a 


2-g sample is attained 
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The Sampling and Analysis of Liquid Steel for Hydrogen 


by Dennis J. Carney, 


John Chipman, 


and N. J. Grant 


An absolute calibration has been achieved for sampling and analyzing liquid 
steel for hydrogen based on Sieverts’ values of hydrogen solubility in iron. Further 
checks were made in nickel, iron-nickel, and 18-8 stainless melts. The sampling 
method was successfully applied to a large number of commercial steel melts in 
various types of furnaces. The concurrent problem of sample storage was also solved. 


yp HE problem of sampling of liquid steel for and must be considered together when discussing 
hydrogen is more difficult than the problem of liquid steel sampling techniques 
> analysis. Hydrogen has a greater mobility than any The major obstacle in liquid steel sampling has 
other element; it is the only element that will dif- been that there was no way of evaluating properly 
fuse out of steel at room temperature. In accord- the various sampling and storage techniques which 
ance with the known relation between tempera- have been developed. It has not been possible to 
ture and diffusivity, the diffusion of hydrogen is compare the accuracy of the various methods. For 
extremely rapid at the temperature of liquid steel evaluation of sampling methods some known stand- 
Consequently, in the past, attempts to quench molten ard is required; this may be found in the published 
: teel to retain the dissolved hydrogen have not been work on the equilibrium solubility of hydrogen in 
a iccessful a imilar attempts with nitrogen or liquid iron which has been determined in three 
: oxygen. The retention of hydrogen is especially dif- separate investigations The data are shown in 
ag cult since it will continue to escape at room tem- table I. Sieverts’ original method of obtaining gas 
: perature even if the molten metal has been rapidly solubilities involved measurement of the volume of 
quenched gas required to saturate the liquid metal contained 
D. J. CARNEY. Student Membe Phusicist. South in an evacuated bulb of known volume. This pro- 
Worl Carnegie-Nlinois Steel Corporation, Chicago cedure, improved by introduction of high frequency 
Ill. JOHN CHIPMAN, Member Professor and N. J induction heating, has yielded reproducible results 
GRANT. Member AIME Associate Professor. Mass which appear to be entirely dependable. Using 
Inst. of Tech., Cambridge, Ma Sieverts’ method, it has been proved for iron and 
AIME New York Meeting, Feb. 195¢ other metals and alloys that the hydrogen solubility 
rP 2807 C. Diseu m (2 copes) may be sent to is proportional to the square root of the pressure of 
Transactions AIME before Apr. 1, 1950, and will be the hydrogen gas above the liquid, so that one may 
iblished Nov. 1950. Manuscript received Oct. 17, 1949 L 
work with various partial pressures of hydrogen to 
put different amounts of hydrogen in solution. From 
“a The hydrogen sampling methods may be classi- Sieverts’ law it is possible to know accurately what 
tied broadly as (1) the rapid quenching techniques amount of hydrogen is dissolved in the liquid metal 
which attempt to preserve ipersaturation and (2) at the time of sampling. The accuracy of a sampling 
those methods which attempt to collect the gases method may be gauged by reference to this known 
evolved as the metal freezes and cools to room tem- solubility 
4 perature It was the purpose of this investigation to develop 
With all methods of sampling but especially with a method for sampling liquid steel and for storing 
the rapid quenching methods, there is also a con the sample so that the analytical result would rep- 
current problem of storing the sample until analvsi resent the actual hydrogen content of the metal 
indertaken. The two problems are interrelated bath. For this purpose an induction furnace was 
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oN 
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Fig. 1—Detail of 
furnace. 


constructed in which the bath could be held unde: 
i controlled atmosphere and from which samples 
could be taken by means of the “Taylor sampler’ 


without exposure of the liquid metal to au 
Table IL. Hydrogen Equilibrium Solubility Values tor 
Liquid Iron 


livdrogen Solubility at 


ce per 100% ppm” (parts 


Investigator 
per million) 


Literature Summary 


4 summary of the recent papers which have been 


presented concerning the sampling of liquid steel 1 


presented below according to the country in which 


the work was done 

United States: In 1937 Hare, Peterson and Sole: 
introduced a liquid steel sampling method that wa 
designed primarily for oxygen determinations. An 


Rubber Bulb 


As a- 


closed at the bottom by a thin 
liquid 


evacuated steel pipe 
diaphragm, was inserted into a spoon of 
metal. The liquid penetrated the diaphragm and 
olidified inside the pipe. The evolved gas wa ub 
equently measured and analyzed. Variations of thi 
method were used for hydrogen sampling by Scafe 
and Mravec 

The rapid quenching method has been used by 
Derge and coworkers and by Sims, Moore, and 
Williams Derge ured the liquid steel into a 
very thin wedge u plit copper mold. The 
ample was stored quickly in mercury or 1n a sealed 
tube. Sims poured the liquid steel into a spht coppe: 
mold with a hole %% in. inside diam and approxi- 
removed 


mately 14 in. long. The ample was 


rapidly and stored under mercury 


England: Newe!! ised a method similar to the 


Soler tube in which he attempted to collect ga 
evolved on solidification and cooling of the 
This method has been called the 
method. The evacuated pipette is much smaller than 
the Soler tube. Both the evolved gas and the solidi- 
tied sample were analyzed for hydrogen 


ample 
“balloon tube 


ised a technique which collected the 
olidification of the sample 
method. The 
teel tube 6 in 


MacKenzie 
gas immediately after 
This has been called the ealed mold 


liquid steel is poured into a stainle 


TRANSACTIONS AIME, VOL. 188 FEB 1950, JOURNAL OF METALS—405 


‘ 
{ 
< ron Pipe 
ompiing Device 
vy r Tube 
pper 
Shutter 
Bross Tube 
stlet 
‘ i 
: cone Rubber a 
Brick 
4 
‘| 
: 
pper Quartz Tube } — : 
Transite Box 
wer Quartz Tube te 
» 
— 
Sieverts (1911 28.2 254 
2. Sieverts (1938 26.4 23.7 
194 29.4 
Ave ze V 28.0 2 
to be be e the abilit expressed ; ts pe 


viously described. Geller and Tak-He-Sun” used a 

complicated suction method of sampling steel for 

= hydrogen. Very recently, Wentrup, Fucke and Reif 
7 also described a suction method of sampling for 

A hydrogen. The liquid steel sample was sucked into 
Jy a small quartz tube. The quartz tube with the 
; sample inside was broken off within 10 sec and 
stored under mercury. After 24 hr holding, the 
evoived gas and sample were both analyzed for 


Rubber Bulb 


hydrogen. 


| Japan: Kobayashi” was the first author to use the 
suction method with the quartz tube 

. 8 won Pipe Russia: Chuiko has written a number of papers 
on hydrogen in liquid steel but only in one 

were samples taken. The samples were poured into 

evacuated molds and the gas collected during solidi- 

fication. After the sample had cooled, the gas which 

Silicone Rubber was evolved was analyzed for hydrogen. The hy- 

Gosket drogen gas which still remained in the solid sample 

after cooling to room temperature was calculated 


on a theoretical basis developed by the autho: 


Apparatus 
|» | 

The Furnace: The centrolled-atmosphere induc- 

A * Copper Plug tion furnace is shown in fig. 1. The essential part 
, el of the furnace were (1) the 30-lb capacity magnesia 
4 ] crucible, (2) the two sections of silica tubing, 9 in 
Copper Mold in diam, which were used to enclose the melting 
ae furnace (3) the water-cooled brass head with a 

Noe central trap door for sampling, a sight glass for 
3 reading the bath temperature, a gas inlet and a gas 


Vycor Glass Tube 
y outlet, (4) the gas inlet at the bottom of the fur- 


‘ - nace. The furnace crucible was packed with a mix- 
+4 py Bross Shutter ture of magnesia and alumina. Corrugated pape 
"% 4 | 4 was placed around the inner wall of the lower silica 


| onl a tube before packing. This was used to prevent 
cracking of the silica tube when the packing ex- 
4 | panded on heating. The paper was burned out u 
pir" S — air by preheating the crucible with a graphite rod 
/ nn Ss . The two sections of silica tube were used so that 
“Y ¢ JY the metal could be poured out of the furnace cruci- 
' ble at the end of an experimental heat. The top 
7 ection was removed and a transite cover placed 
Fig. 2—Detail of sampler and trap door. over the top of the lower silica tube. The furnace 


then was tilted and the metal poured 


The Sampler: The sampler, which was an im- 


cribed by Taylor and 


ibe Is sealed olf Dy a provement over the one de 


1 stopcock. The evolved ga Chipman, is shown in fig. 2. The copper mold wa 


the mpi e analyzed for hydrogen. Speight 1 in. od and 3%» in. long. The center was reamed out 
th a No. 5 tapered pin reamer and the top was 


Wi 


We ind Barraclough Speight and threaded to fit a 's in. steel pipe. These were con- 
( ’ ind Syke Burton and Gregg” have all used nected by a short, small hole. To keep the metal 


he Hihled pen test In this sampling method from running up through this small hole, a copper 
‘ puid | ed into a tapered hole 6 in. long plug was inserted into the top of the reamed hole 
diam in a steel or cast hese items can be seen in fig. 2. The copper plug 

vhict isually ispended within a was made by cutting a ', in. strip of 0.01 in. copper 

vale Phe ripe emoved rapidly, a sec- heet approximately 5 in. long and rolling it into a 
: I ! ea ler mercury. Recently coil. The plug allowed good suction and vet kept 
We nd B I ind Syke and coworker the liquid metal from running past it. A small suc- 
ed ! miple nd ce. This was to prevent tion bulb was attached to the upper end of a 3 ft 

ve : vn the diffu ! f hydrogen out of the length of 's in. iron pipe which served also as a 
ample. They \« ted excellent results f storage handle. A 2 in. piece of 7 mm Vycor tubing was in- 
rhe ip t <4 I Aith th method. Naughton serted in the lower end of the tapered hole and 
tored hyd ‘ imple ! quid al turned until it was tight. No cement of any kind 
Germanys: Herasymen}) ind Domt wski” orig- necessary to hold this tube in place The Vvcor 
leveloped the iled mold” method pre- tube was dipped into the bath and the metal sucked 
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into the copper mold. Thus the copper mold was not 
in contact with the liquid metal. This was quite an 
advantage since it allowed a very rapid removal of 
the sample from the sampler and also kept the 
copper mold from being heated to a high tempera- 
ture 

The Gas: The gases used in this investigation 
were hydrogen and helium, the latter being used as 
a diluent to vary the partial pressure of the hy- 
drogen. For this purpose it was preferred to argon 
since its molecular weight is more nearly equal to 
that of hydrogen and errors of thermal diffusion are 
therefore smaller. The desired gas mixtures were 


) A 
ié 25-20% H, 100-90% H, 
c 
(Equilibrium Values (Equilibrium Values 
xia O-12 C ppm) 70-80 ppm) 
Tota! = 42 Sompies Total= 30 Sampies 
o 
Cc 
= 
a 
o 6 
= 
2 ol 
oo ~ow 
oe ® or © 


Hydrogen por Hydrogen pom 
Fig. 3—Summary of hydrogen sample values from 
nine iron heats. 


obtained from 4 calibrated flowmeters—two for hy- 
drogen and two for helium since two gas inlets were 
ised. The gases after mixing were passed through 
an anhydrous drving tower and into the furnace 
The outlet gas was burned in al 
Operating Procedures 

Furnace Operation: From the experience gained 
in the preliminary heats, the following furnace pro- 
cedure was found to be satisfactory 

The crucible was charged with approximately 15 
lb ot heared Armco iron bars for the tron heat 
and 15 |b of alloy steel or nickel for the alloy steel 
The upper silica tube and bra 


and nickel heats 
cover were placed in position and the flow of helhum 


was started. If no gas leaks were observed, the 


water and power were turned on. After melt-down 
8 g of aluminum rod was dipped beneath the su 
face of the metal, the flow of helium was stopped 
and the flow of hydrogen, at approximately 5 cf per 
ir in the bottom inlet and 10 cf per hr in the top 
nlet, was started. The hydrogen flow was continued 


for 1 hr. This was done to saturate the liquid with 


hydrogen and to allow time to stabilize the bath 
temperature. At the end of this hour, the helium 
flow was again started. The rate of flow of hy- 


drogen and helium were adjusted until the desired 


mixture of the two is obtained. In most ins at 
least two different gas mixtures were used. Metal 
amples for hydrogen analysis were taken from the 
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liquid under the higher hydrogen gas mixture, and 
following this, the gas was adjusted to the lower 
hydrogen gas mixture and samples again taken 

In spite of a reasonably tight furnace, there was 
still a small difference between the composition of 
the entering furnace gas and the exit furnace gas, 
the latter being usually slightly lower in hydrogen 
This difference may have been due in part to small 
air leaks and also to reduction of the hot furnace 
materials by the hydrogen. In practically all the 
heats reported in this investigation, a 250 cc sample 
was taken of the exit gas and the sample analyzed 
for hydrogen by means of an Orsat apparatu: 

The metal was deoxidized with aluminum be- 
cause it was observed in preliminary heats that no 
matter how fast one quenched the liquid sample, 
a solid sample could not be obtained when the oxy- 
gen content of the bath was high. Furthermore, 
since the hydrogen equilibrium solubility data were 
obtained for low oxygen iron, a deoxidized bath was 
necessary. Silicon was originally used as the de- 
oxidizing element. Large amounts of silicon were 
sometimes needed to deoxidize thoroughly the 
Armco iron and some high residual silicon contents 
resulted which reduced the hydrogen solubility. The 
ilica which was formed as a deoxidation product 
reacted strongly with the basic magnesia crucibles 
As a result of thi ‘xperience, a small amount of 
aluminum was used as the deoxidizing element in 
each heat. It did not form a slag, and it was as- 
umed that the very small amount added did not 
affect the hydrogen solubility 


Temperature Measurement: Temperatures were 
measured with a Leeds and Northrup optical pyro- 
meter. Readings were taken through the pyrex sight 
glass in the brass head) During the hour in which 
the liquid was held under pure hydrogen, the melt 
was slowly solidified while temperature reading 
were taken. This measurement of the solidification 
temperature gave the necessary optical calibration 
point or constant in order to obtain the true tem- 
perature according to the approximate formula 
] l 
S$ T 
and T the true absolute temperature. For the iron 
heats the temperature was then raised until it was 


K, in which S is the observed temperature 


teady at 1565 C. The estimated accuracy wa 
15 C. For the alloy steel heats the temperature 
measurements were not this accurate due to the un- 
certainty in the true solidification temperature 
Sampling Procedure: Initially, the central sampl- 
ing tube above the trap door was flushed with hy- 
drogen. After this, the sampler with the cap attached 


wus screwed into position as shown in fig. 2. The 
bra lide of the trap door was then pulled out and 
the sampler lowered into the furnace. The suction 


bulb was squeezed twice, and the Vycor tubing ex- 
tending out of the copper mold was dipped beneath 
the irface of the liquid. The uction bulb wa 
released and after a 2-sec wait the ampler wa 


quickly pulled up into the tubing above the trap 


door and the bra hutter pushed back into place 
rhe cap was loosened and the sampler taken out 
The metal in the Vycor tubing protruding from the 
copper mold wa eized with a pair of pliers and 


the sample pulled out of the mold. The sample wa 


quickly quenched into water and then into a dry 
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the copper mold; and of the effect of water cooling 

the sampler. None of these indicated any marked 

nace ) influence on the retention of the dissolved hydrogen 

nple was removed from the copp within the limits of the experiments. There ap- 
the mold on the floor. The total peared to be a very slight tendency for the thin 


o the copper amples to retain the very high hydrogen values a 
little more easily. The failure to find an appreciable 
benefit due to faster initial cooling in the copper 
ampler may be due to the sample contraction. This 
contraction is so fast and of such magnitude that 
ome samples dropped out of the coppe mold 
within 2 to 3 see after taking the sample as the 
ampler was being pulled out of the furnace. Be- 


cause of this contraction, an air space forms around 


Fig. 4—Hydrogen 
results from Heat 37. 


nple which insula it from the cooled coppe! 
nold. Only by using a tig | r plug at the top 
the tapered hole | : the samples kept 
m falling out 
The best results were obtains 
er containing the sample but by pidly cool- 
ample itself. A similar effect wa observed 
Experimental Resu and Barraclough” wl ound it ne 
ay Development of Sampling and Storage Methods: rem the metal sample rapidlv from a wi 
\t the be nu ft nvestigation when th led mol id to quench it in water 
t ! rhe pre pl ! 1 dry ice sum tored in 
Dit \ Val ki These 1 ult ndicated that di 
isfactory for period 24 | 
Also, duplicates of s sample 
‘riods of 24 hr and longer. These 
ilts indicated that chilled austenitic steels and 
kel could be stored for periods up to 3 days with- 
any significant loss of hydrogen by diffus) 
! nt not \ of th ample. T st policy with low alloy 


in handling 
contact of the 
whe reby very 
rbed on the 


Ipie in 
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4 
‘ iwetone 
tel it ol the 
amplet Wa De 
these the i 
mold by tapping 
time from the aspiration of the metal 
mold to i irv ice and 
" isually 15 to 20 ec and never ove : 
‘ thorough quencnir the nd of the an 
been in the Vvce tube was cut off ; 
end was wrapped with aluminum foil ¢ 
identification numt Phe sample was q 
i ct The irtace the ample 
ind shiny due to rapid cooling in the hydrogen at ee 
r 37 
MARGE ARM RON 
E 
1 
4 
t ed Vas to analivze tne ample within a period oT less 
+} cooled than 12 hr. especially for the high hydrogen 
te the face of the ample Practically all the hvdroger ample ana- 
‘ ae | i it om ter vses reported in this investigation were made after 
ture te l wedure than a 12-hi torage time 
‘ ! om f wat i it the | Considerable care Was necessar\s 
froven | the ! ed mn tne ample One ource of trouble wa 
‘ ‘ ‘ the ¢ n solu ample with water and grease or oil 
t st ‘ the ettect ma l ume int ot the ‘ could tie ab 
ne the ppe 1 bye f f the effect of irface. Water came in contact with the sax_=_—=——mm_ 
‘ riple ! ‘ mi bore vater quenching and in using the underwater cut- 
VOL 
af 


ol! wheel. Grease and oil came in contact with the 


samples from unclean tools used to handle them 


from the underwater cutoff wheel when it had pre- 
oily specimen, 


viously been used to cut a greasy o 
and from drying in an air blast from which the oil 
droplets had not been filtered out. The above sources 
of extraneous hydrogen were noted for the samples 
face. When the sample had a 


which had poor st 
poor surface, cleaning in carbon tetrachloride was 


not always successful 


Sampling Liquid Iron and Liquid Nickel for Hy- 
drogen: 1. Iron Heats Made Using 25 and 10 pet 
Hydrogen Mixtures: Using the sampling procedure 
described earlier, samples were taken from the 
liquid iron under 100 and 50 pct hydrogen gas 
mixtures. These samples were completely hollow in 
spite of rapid cooling. However, with a 25 pet hy- 
drogen mixture the samples were for the most part 
macroscopically solid. Since equilibrium is estab 
lished very rapidly, as will be shown later, the 
liquid metal under a 25 pet hydrogen mixture con- 
tained one-half the maximum liquid solubility o1 
12 ppm, based on Sieverts’ solubility law. Of the 
early samples taken from liquid iron with the 25 
pet hydrogen mixture, only a few retained essen- 
tially the equilibrium amount of hydrogen. Attempts 
were made in 9 heats to improve the sampling tech- 
nique so that all of the samples would retain all of 


the dissolved hydrogen. In these heats both 25 and 


used. A summary 


10 pet hydrogen mixtures were 


of the results 1 iven in fig. 3. The equilibrium 
value for the 25 pect mixture, depending upon the 
exact composition of the exit gas and upon the 


metal temperature was 11.0 to 12.0 ppm, and fo: 
the 10 pet mixture it was 7.0 to 8.0 ppm. The plot 
gives the hydrogen values in parts per million on 
the ordinate and the number of samples within each 
ange on the abscissa. These data include both the 
good and the poor samples from these 9 preliminary 
heats The poor amples were those which were 
taken too slowly or which contained some porosity 
Only 35 pet of the samples taken under the 25 pct 
hydrogen mixture retained the equilibrium amount 
of hydrogen but 70 pet were within 2.0 ppm of the 
equilibrium value. In other words, 70 pet of the 
amples retained 80 pct of the dissolved hydrogen 
For the 10 pet hydrogen mixture, over 50 pet of the 
amples retained the equilibrium amount and almost 
90 pet were within 1.0 ppm of this value, or 90 pet 
of the samples retained 85 pet of the dissolved hy- 
drogen. Since the 25 pet mixture results in a much 


ver dissolved hydrogen than is normally found 


in commercial low alloy steel it was decided for 
the subsequent melts to concentrate on the lowe 
hydrogen mixture Excellent results were obtained 
with the lower hydrogen mixtures and are iven 
below 


2. Iron Heats Made Using 10 and 5 pet Hydroger 
Mixture Since 11.0 to 12.0 ppm is an extremely 
high hvdrogen value for ow alloy teel heat 
were made with the melt containing 5.0 to 8.9 ppm 
of dissolved hydrogen. The gas mixtures used were 
oughly 5 and 10 pet hydrogen. The results are 
ummarized in table II and heat 37 is shown in fig 
4. These results indicate successful sampling since 
every sample retained a very high percentage of 
the dissolved hydrogen. An average of 94 pct of the 


dissolved hydrogen, sampling technique 


molten bath under 100 pet helium. These 
discussed below Solution and Evolu- 


tion of Hydrogen from Liquid Iron 


Table Il. Sampling of Remelted Armco Lron Heats at 


i7 


Ill. Sampling of Armco tron 
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ee dissolved hydrogen was retained in the analyzed 
samples. From these data it appears that when 

molten low alloy steels contain up to 7.5 ppm of 7 
is 
very accurate. In heats 38 and 39, work was also 
done on the rate of evolution of hvdrogen frem a , 
1565°C 
. 
Heat No. 
Equilibriam 
Time Atmosphere solubility Analysis 
sample Minutes Pet u ppm ppm 
0 7 
2 10 95 7.4 
0 9 7 7 
Heat No 
84 72 
4 4 70 
‘ if 
4 
7 ‘ 4 
; 
| 7 0 24 
2 2 12 
Heat No 
2 7 77 
) 7 68 
an 
60 
oo 
, 
60 
0 
( ( 29 
“2 0 26 = 
00 23 
14 
0 ‘ 
: 
Table No. 42 
at 1565°C ; 
Pquilibriam 
Time Atmosphere solubility Analysis 
sample Minutes retul ppm poem 
0 2 
2 2 a4 
7 74 
7 a 2 7 
2 


3. Iron Heat Made U ng 25, 10 and 5 pet Hy- 
drogen Mixtures: A final iron heat was made using 
25, 10 and 5 pet hydrogen gas mixtures. This heat 
is given in table III. This is a good check of the find- 
ings of the previous heats. With the 25 pet hydrogen 
mixture, the samples retained 80 to 85 pct of the 
dissolved hydrogen, while with the 10 and 5 pet 
mixtures, 95 pct of the hydrogen was retained in 


the sample 


4. Pure Nickel Heat Sieverts determined the 
olubility of hydrogen in pure liquid nickel. At 
1480 C, the solubility of hydrogen in liquid nickel 
under 1 atm of hydrogen is 36.0 ppm, whereas for 
iron it is 24.8 ppm at 1550 C. To obtain a further 
check on both the ampling and analytical pro- 
made using a charge of electro- 
solu- 


hydrogen 
drogen mix- 


ture in the first heat These esult turned out 0 
well that the second heat was made with both 25 


10 pet hydrogen mixtures. The hydrogen values 


ind 


pos- 
ible te et ve nh amount of dissolved 
hydroger witl juid ft Kel ising the described 
ampling method Also it was observed while 
ampling nickel that one could be slower in quench- 
ng and still retain the hydrogen quite well. The 
lata agree with Sievert Nubility value of 36 ppm 
it 1480 ¢ 
5. Summary of Sampling Studies: This concluded 
he wort vhict olubilits lata were 
available. On the ba 1 these Olubility data, the 
ampli method vhet ised for very low alloy 
on, wa wcurat t in average of 0.45 ppm fo 
d iived hvd er ntent f 7.0 to 7.5 ppm and 
te i ve ie pm tort lrogen content 
6.0 ppr ‘ The pre« or Vu Ipproxr 
nately 02 pom fe ill the liquid iron heats cor 
tain ‘ than 7.5 ppm of d Ived | lrogen. Fe 
} rhe ed arogetr content n alloy 
n, ccu ( nda prec ere Ss than th 
Howeve on the bi of previous work or 
ow i tent neat ind the commercia 
il ‘ t er t the conclusior thi 
pape t ppe hat the hydroger ntent rf 
co ercla A teel heat ire below 7.5 pon 
tes ‘ i te th i dissolved 
1 ‘ i nit itt ic? re it 
‘ how n the expe nent illoy 
heat the tecnt jue ble t etain these 
i hyd en content h alloy 
tet The ibove ‘ t he pu nickel heat 
i ‘ t point 


Rate of Solution and Evolution of Hydrogen from 


Liquid Iron: It ntended in the course of th 
we tk t i thre te of t olution 
the expe menta ced P i al . 
bie t t re te t of \ 
\ eel tuble Il f oO 0 pet 
rover ind ft ct. the th iched eq ] 
to 6 mu nd samples taken in le than tl tire 
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Table IV. Sampling of Electrolytic Nickel Heats at 
1480°C 


Heat No. 28 


Equilibrium 


Time Atmosphere Solubility Analysis 
sample Minutes Peau ppm ppm 
0 0 l 

10 11 2.4 
2 7 10 15 10 
20 

4 , 10 115 2 

50 10 11.5 15 

€ if 12 


Heat No. 


going from a higher to a lower hydrogen gas mix- 


ture were slightly above the equilibrium value 
while in no case were later samples (over 6 min) 
above this value. This indicates that the rate of ap- 
proach to equilibrium is extremely fast under the 
experimental conditions used. The 5-min period 
required to come to equilibrium with the lowe: 
hydrogen gas mixture was the time required for the 
excess hydrogen gas to be swept out of the furnace 
atmosphere and not the time required for the melt 
to reach equilibrium with the contiguous ga 


Three heats were made to study the rate of 


SOLU 


} 
] 
to equll 


tion of hydrogen or the rate of approach 
brium from the lower side. These heats were melted 


according to the described procedure, but after the 


metal was held under pure hydrogen for 1 hr a 
sample was taken. This was done to be sure that the 
dissolved hydrogen was extremely high as evidenced 
by the hollow tube samples obtained. The hydrogetr 
was turned off and pure helium was passed over 


the bath. Samples were taken for the next 20 min 


A 25 pet hydrogen-helium mixture was then passed 
ver the bath and samples again taken. The result 
are summarized in table V. It was observed that 
the rate of solution was as rapid as the rate of 


evolution. However, in these 3 heats it appeared 
strange that after the initial very rapid rate of 
evolution of hydrogen in going from 100 pct hy- 
irogen to 100 pet helium, the rate 
preciably and all the hydrogen was not evolved 


slowed down ap- 


after 20 min. Consequently heats 38 and 39, already 
discussed, were made in which the iron was held 
inder helium for 4 hr. The results of heat 39 are 
hown in fig. 5. It was observed again that the hy- 
roger Wa evolved very lowly decrea ing to ap- 


nately 1.0 ppm at the end of 4 hr. In the 


iour of the heat, a sample was taken fron 
ne exit ga This ample contained no hydrogen 
but analvzed 0.09 pet water vapor or a partial pres- 
ire of 0.0009 atm. Thermodynamically, at equilib- 
rium, this amount of water vapor is capable of 
idding approximately 2.0 ppm of hydrogen with the 


ow oxygen content of the bath. The reaction 


| 
‘ 
0 22.1 16.4 
2 22.1 16.4 16.8 
’ 2 10 22.1 16.4 64 - 
: i 22.1 64 15.9 
25 22.1 16.4 if 
i1.2 
17 9.5 11.2 20 
7 95 11.2 11.0 
75 5 11.2 11.1 
| 
| 
4 
caugnt the | ‘ tre Vay low? it ill the 


Fig. 5—Hydrogen results from Heat 39. 


H)’x 


H.O (g) 2H I 


1.85x10° at 1600 C 


The equilibrium constant for this reaction was ob- 
tained from the data of Chipman and Fontana” and 
Sieverts” solubility data. A more complete discus- 
sion of the effect of water vapor Is given in a pre- 
vious paper.” These calculations together with the 
observed water vapor content indicate that water 
vapor could have accounted for the slow rate of 
evolution of hydrogen under a 100 pct helium at- 
mosphere. The water vapor could have added 
hydrogen to the melt at a rate comparable to its 
evolution from the bath 


Sampling Liquid Alloy Iron-Nickel Heats: There 
is no hydrogen solubility data on liquid iron alloys 
other than iron-silicon.. Work had been done on 
some solid iron alloys such as iron-nickel,” iron- 
manganese and iron-molybdenum.” In spite of this 
lack of solubility data, it was decided to make an 
iron-nickel alloy and an 18-8 stainless steel. This 


Table V. Rate of Solution of Hydrogen-Armeo Iron 
Heats 


Heat No. 38 


Time Atmosphere solubility Analysis 
sample Minutes Pet tt ppm ppm 


Heat No. 


Heat No 
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Heat 39 (continued 
HARGE ARM 
TEMPERATURE - 


was done mainly for the purpose of studying the 
precision of the sampling method with austenitic 
steels from which the diffusion of hydrogen is 
slower, thereby permitting easier retention of the 
dissolved hydrogen, and in which there is no phase 
change in the solid on cooling. One could estimate 
roughly from these results the solubility of hy- 
drogen in the particular alloy made at the tempera- 
ture concerned. 

1. Thirty-five Pct Nickel-Iron Heat: The first 
heat was a 35 pet nickel-iron alloy which ts practi- 
cally the “invar’ composition and is austenitic. The 
results are shown in table VI. A gas sample was not 
taken nor was the temperature accurately measured 
since the liquid solubility data were not available 
There was a definite increase in hydrogen solu- 
bility by the addition of 35 pct nickel to tren and 
this agrees qualitatively with the solid equilibrium 
results. From these data, the liquid solubility wa: 
calculated as approximately 30.0 ppm at one atmo 


phere of hydrogen at 1550 ¢ 


Table VI. Sampling of Austenitic Steels 
35 pet Nickel Heat (1500°C) 


Heat No 


Time Atmosphere Hydrogen 
Sample Minutes Pett ppm 


18-8 Stainless Steel Heats 


Heat No. 


Heat No. tI 
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a $0 \ 
c 40 4 
0% om 
x2 / 
40 80 CO <C 40 8 2 22 
T me, mir utes 
| 
4 
bi 
| 
0 9-10 
9-10 
2 10 9-10 8.9 
25 ok 4 ‘5 9-16 91 
65 0 60 92 
2 0 0 
io 
2% 12.0 11 
; 2% 120 10 
6 234 28 
2 12 2 
25 25.6 2) 
100 2 0 
100 2 Hi Ww sample 10.5 104 
65 0 41 105 ae 
2 67 0 H ple 5 10 16 
2 12.0 
oo 2 12.0 1 
0 22 
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2. 18-8 Stainle Steel: Two heats of 18-8 stain- 
less steel were melted. One-inch stainless steel rod 
was used as the melting charge for the first heat 
The samples on the first heat were slightly magnetic 
so that on remelting the ingot for the second heat, 
1 pet nickel was added to the charge. These samples 
were nonmagnetic. The heats are shown in table VI 
These results were quite satisfactory and indicate 
that the sampling technique when sed for aus- 
tenitic steels was able to retain a much higher dis 
than when used 


solved hydrogen more completel 
for ferritic steel From these data, the liquid solu- 
bility was calculated as being approximately 28.0 
ppm for 1 atm of hydrogen at 1480 C 


Commercial Steel Heats 


At the conclusion of the above work, when it ap- 
peared that the sampling and analytical techniques 
were accurate, samples were taken from commercial 


steel heats. This work was done for the purpose of 


the adaptability of the method to com- 


ascertaining t 
mercial work and not to make a thorough study of 
the hydrogen content of commercial steels. If the 
latter study were contemplated, it would require a 
very large amount of sampling and analysis in ordet 
to determine the content for the 
various types of stee and steelmaking practices 
A total of 17 commercial heats were sampled. There 


heat 1 basic open hearth 


were > acid 


heat, 6 basic electric heat } induction furnace heats 


open 
and 2 acid electric heat 

Various grades of steel were included, from plain 
arbon steels to 38-18 chromium-nickel-iron alloy 


The furnace ample vere taken from well slagged 


spoons which were aluminum-killed. A few samples 
were taken from spoons which were not killed but 
only if the metal had been well deoxidized pre- 
viously in the furnace. Some ladle samples were 
taken and a few samples were taken out of risers 
in sand molds while castings were being poured 
For this work it was possible to remove the samples 
from the mold and quench them faster than was 
possible in the experimental controlled atmosphere 
furnace. Also, since these samples were partially 
quenched in air rather than in hydrogen, they were 
slightly oxidized instead of being shiny as were the 
equilibrium samples. The results of some of these 
heats are summarized in table VII 

From these data a few observations were made: 

1. There was a decrease in hydrogen with the 
carbon boil as was expected and as observed by 
other workers 

2. There was an increase in hydrogen after fur- 
nace deoxidation in almost every heat sampled. The 
increase was qualitatively comparable to the rela- 
tive deoxidizing power of the added elements. In 
other words, there was a slight increase after the 
manganese addition and a large increase after the 
silicon addition 

3. In one case of a very high allov grade, there 
was a marked increase in hydrogen in the ladle 
after ladle deoxidation with aluminum and titanium 

4. There was an increase in hydrogen after pour- 
ing into a sand mold 

>. The average hydrogen at tap was 3.0 to 54 
ppm for low alloy steel and 5.0 to 8.0 for very high 


alloy iron 
These observations were made on the basis of a 


Table VIL. Summary of Hydrogen Contents of Commercial Steel Heats 


N\cid Open Hearth Heats, Low Carbon Steel 


Time, Min 


Heat sample utes, After 
Ne Ne Melt -dewn Hydrogen, ppm 
‘ 
‘ 


Basic Bleetric Are Meat 
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Basic Open Hearth Heat, High Carbon 


Time, Min 


Heat sample utes After 
Neo No Meit-down Hydrogen, ppm 
2 1 90 40 
Ss idded 
2 115 4.0 
125 M dded 
Heat pou 1 ile 
4 Ladie 


Acid Are Furnace ats 
Chromium-Nickel-tren Alley 


1 10 4 
Heat | ed int ile 

2 Ladle 2 
Ladle ired into wet 
Mold 

10 
H i nto ladle 

2 Ladle ¢ 

Ne 1 1 

Ladle N 


Induction Furnace Heats 
18-8 Stainless Steel 


1S \ ided 
20 
H i ve { { 
2 
Heat ed idle 
I 
Heat rt ed t tle 
2 Ladle 2 
188 


of 
| 
d 
| 
/ 
¢ 
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9 
' 


relatively small number of samples. Water vapor in 
the slag could possibly account for the increase in 
hvdrogen which was observed after furnace de- 
oxidation. Calculations previously presented” showed 
the equilibrium relation between hydrogen, oxygen 
and water vapor in the presence of liquid steel 
These calculations indicate that the lower the oxy- 
gen content of liquid steel the greater the driving 
force of water vapor in the direction producing hy- 
drogen. Previous to this work, Kobayashi™ had ob- 
served a hydrogen increase after killing liquid steel 
and also had submitted the hypothesis that this was 
due to water vapor in the slag. Chuiko” has sup- 
ported the same viewpoint. Very recently, Wentrup 
and coworkers reported analyses showing consider- 
able water vapor in basic slags and a smalle! 
amount in acid slags. They also believed that in- 
creases in hydrogen which they observed after kill- 
ing the metal were due to water vapor. Much more 
experimental proof is necessary, however, before 
a definite conclusion can be made 

In general, the results obtained for low alloy 
teels are slightly higher than those reported by 
Sims and coworkers,’ similar to some English data, 
and lower than the data reported by other English 
and German workers.” Careful review of the latter 
two indicated possible explanations for the high 
iwdrogen values reported. The English workers 
»btained considerable water vapor from their hy- 
drogen samples during the solid extraction analyses 
Thev attributed this to a reaction between the 
dissolved hydrogen and oxygen, and therefore in- 
cluded all the water vapor as part of the dissolved 
hydrogen. As observed earlier in this investigation 
there is a possibility that the water vapor given off 
in analysis was not a part of the dissolved hydrogen 
in the sample 

rhe present work, through the necessary refine- 
ments in analytical and sampling techniques, has 
made it possible to reconcile the differences in re 
ults reported by other investigators. Through the 
use of an absolute calibration it is possible to evalu- 
ate the effects of slow sample quenching, of ab- 
orbed water vapor, and of inferior analytical 
methods 

It is emphasized that the proper use of the 
ampler requires a certain degree of manual dex- 
terity and judicious timing on the part of the 
operator. The best results were obtained through 
frequent 
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Summary 


\ liquid steel sampling technique was developed 
which consisted of sucking a sample into a thick 
walled copper mold, quickly pulling the sample out 
of the mold, and quenching it in dry ice and ace- 
tone. The total sampling time including the quench 
was approximately 15 sec. The samples were stored 
in dry ice for periods up to 12 hr. The accuracy of 
the method was determined by sampling metal of 
known hydrogen content in equilibrium with con- 
trolled hvdrogen-helium mixtures. The accuracy of 


sampling for low alloy steel containing 12 ppm was 
roughly 80 pet retention of hydrogen; for metal of 
less than 8 ppm 95 to 100 pct of the dissolved hy- 
drogen was recovered. For austenitic steels the 
sampling technique is accurate up to 12.0 ppm, and 
for nickel up to 16.0 ppm 

The rates of hydrogen solution and evolution 
were extremely fast under the experimental condi- 
tions used. Equilibrium was reached from the high 
and low sides within 5 min 

Seventeen commercial steel heats from various 
tvpes of furnaces were sampled to prove the adapt- 
ability of the method to commercial work. The 
average hydrogen content at tap was 3.0 to 5.0 ppm 
for low alloy steels 

The method appears to be very well suited t 
process control of hydrogen in commercial meltin: 
furnaces and to the investigation of a variety of 
problems involving hydrogen in liquid steel 
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have proved to be elusive phenomena that are 
lifficult to control in spite of much effort to under- 
tand and evaluate the reactior Study of the prob- 
em indicated that more accurate data on the solu- 
bility of oxvgen in iron containing deoxidizers were 
essential to further progress, and an empirical deter- 
mination of oxygen solubilities has been initiated at 
the I on Carbide and Carbon Research Labora- 
tori Inc. The investigation has included the effects 
f aluminum, silicon, manganese, and combinations 


The Solubility of Oxygen in Liquid Iron Containing Aluminum 
by D. C. Hilty and Walter Crafts 


The solubility of oxygen in iron containing aluminum has been determined at 
1550°, 1600°, and 1650°C and found to be much higher than predicted from theo- 


retical considerations, possibly due to equilibria with an iron-aluminum spinel phase 
rather than pure AlO.. The presence of manganese greatly increased the deoxidizing 


and in 


EFOXIDATION 


lusion 


formation 


in steel 


power of aluminum. 


Fig. 1\—Comparison of deoxidizing powers of vari- 
ous elements at 1600°C. 
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of these elements at 1550°, 1600°, and 1650 °C. The 
equipment and experimental procedure as well as 
the results of a study of the effects of aluminum are 
described below. In general, it was found that the 
solubility of oxygen in iron containing aluminum is 
much higher than predicted, possibly because of the 
formation of complex nonmetallic phases, and that 
manganese greatly increases the deoxidizing power 
of aluminum 

The generally accepted deoxidation curves for 
1600 C are summarized in fig. 1, from “Basic Open 
Hearth Steelmaking”. These curves are assumed to 
represent the solubility of the presence 
of deox<idizers and should indicate the limits of mis- 
cibilit? gaps in the phase diagrams of the systems 
that control the formation and non- 
metallic inclusions as described by Benedicks and 
Lofquist. They were derived mainly by application 
of the methods of thermodynamics to the available 
experimental and by calculations 
the thermal constants of the pure sub- 
stances when experimental data were lacking 
Among the more notable researches contributing to 
the development of knowledge of oxygen solubili- 
Korber and Oelsen’. ‘, C. H. Herty, 
Jr. and associates", Krings and Schackmann , Went- 
rup and Hieber’, Schenck and Bruggeman’, Vache: 
and Hamilton’, and Chipman and co-authors 

Practically, the deoxidation curves are of limited 
value in predicting oxygen content and rationalizing 
The this inade- 
appear to be error from inaccurate data, 
assumptions, interacting effects of 
. and possibly unknown extra- 
equilibrium and side reactions. Although inclusion 
formation is a very complex reaction it must be re- 
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lated to and evaluated in terms of the deoxidation 
For this reason it was considered that a 


curves 
redetermination of the deoxidation curves was 
essential to further solution of the deoxidation 


problem, and an investigation of oxygen solubilities 
was undertaken. The investigation of deoxidation 
with aluminum, alone, and to some extent in com- 
bination with silicon and manganese, 1s described 
below. A similar study of silicon and manganese 1s 
included in an accompanying paper” 

Experimental Furnace: The work of Taylor and 
Chipman” on the solubility of oxygen in liquid iron 
and the activity of FeO in slags in contact with liquid 
iron suggested that a rotating crucible furnace might 
be particularly useful in an investigation of deoxida- 
tion equilibria. As discussed by Taylor and Chip- 
man, the theory of such a furnace is that the forces 
set up by rotation of the crucible cause the surface 
of the molten charge to assume a concave shape 
Slag rides in the liquid metal cup, so that contamina- 
tion of the slag by reaction with the crucible is pre- 
sumably reduced. Moreover, concentration of the 
slag in the cup considerably improves the possibili- 
for slag-sampling 

Accordingly, a rotating crucible furnace was con- 
structed to the design shown in fig. 2. Great sturdi- 
ness and a high degree of flexibility 
were prime considerations in the 
plan of this furnace, and, as will be 
evident from fig. 2, the completed 
furnace represented a modified com- 
furnaces described 


ties 


posite of similar 
n the literature 

The coil assembly 
for the use of prefabricated crucibles 
that were centered by means of a jig eve $e 
that fitted on the soapstone cover of 
the coil. The crucibles, held in posi- 
tion by the jig, packed in the 
means of finely ground alu- 
silica sand de- 
upon the type of crucible ¢ 
employed. The coil itself was com- 
pletely encased in sillimanite cement 
for the dual purpose of holding the 
crucible packing material, which was . 
tamped in solidly, and of protecting , 
the coil in case a heat went through 
the As additional insur- 
ance against damage resulting from 
a breakout, the inside of the Bakelite 
drum upon which the slip-rings were 
with sil- 
shield 
top 


was designed 


were 
coil by 


mina, Magnesia, ot 


pending 


crucible 


was also coated 
limanite The Bakelite 
mounted horizontally at the 
the drum was for the purpose of pre- 
metal splashings other 
from falling the 
brushes 

The rotating mechanism 
of a 1‘ hp induction motor driving 
a variable speed transmission coupled 
to the vertical shaft upon which the 


mounted 
ot 


venting or 
ubstances on 


consisted 


Fig. 2—Plan of 
rotating furnace. 
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coil assembly was mounted as shown in fig. 2. A 
continuously variable range of speed from 45 to 
approximately 250 rpm was obtainable, but for most 
of the investigation a speed of around 200 rpm was 
found satisfactory. By virtue of the steel shell and 
cover, the furnace could be operated either under 
vacuum or under controlled atmosphere. The water- 
cooled thermocouple holder mounted on the cove! 
moved up and down and locked in any 
Sampling operations and the making of 
removing the small 
hole adjacent to the 


could be 
position 
additions were carried out by 
cover plate from the sampling 
thermocouple holder mounting 

Provision was also made for tapping the furnace 
at the end of a run. Tapping was carried out by re- 
moving the metal cover and tipping the entire struc- 
ture on the trunnions. As the furnace approached 
the horizontal, or pouring position, a portable run- 
ner was moved into position butting against the lip 
of the crucible. Actual melting capacity of the fur- 
nace Was approximately 30 Ib of iron For most 
the work in the deoxidation studies, however, 1t was 
found convenient to employ from 12 to 20 Ib of 
metal 


ot 


Crucibles: For the investigation of aluminum de- 


oxidation, high-purity alumina crucibles were em- 
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loved. They were hand-rammed in a specially de- 
t iron mold from special grade Aloxite 


gned cas 
ement containing better than 99.0 pct Al,O, to 
which a small amount of water was added. After 


ramming, the crucibles were permitted to dry in the 


mold and allowed to dry for another 24 hr, after 


nold for 24 hr. They were then removed from the 


for 8 hr at a temperature of 


which they were fired 
1200 C The finished crucibles were reasonably 


dense. mechanically strong, and highly resistant to 


ling. It was found possible to use the 


thermal spalling 


auppe ared to be 


carried out 


ame crucible for as many as five consecutive 6-h1 
in In most instances during the study of the 
iluminum-oxygen equilibria in molten iron, how- 
ver, the crucible was changed after every 2 or 3 
runs because of the buildup of crusty oxide deposits 
yn the crucible walls and bottom as a result of what 
reaction between the metal and cru- 
ble. This reaction is discussed more fully ina later 
ection of this pape! 


Atmosphere: All of the experimental runs were 
t in an atmosphere of argon. The furnace 


wa initially evacuated to a pressure of 100-200 
nicrons. and purified argon, containing 99.8-99.9 pct 
argon with the balance mainly nitrogen and less than 
0.00015 pet othe mpurities, was fed directly fron 


evlinder through the inlet valve on the furnace 
ndicated in fig. 2. When the argon pressure 


i 


i ve i 
nside the furnace eached atmospheric pressure the 
itlet valve at the bottom of the furnace shell was 
wened and for the duration of the run argon was 
<ept sweeping through the furnace chamber Argon 
flow was maint ed i constant at 3 or 4 liter 
nm except Gauri impling o the making ol 
dditior which time t increased to 10 o1 
12 lite per min to help minimize contamination of 
the atmosphere resulting from the infiltration of al 
through the oper amplit hole 
Analyse of the furnace atmosphere during opera 
tion with normal argon flow and the melt presum- 
ibiv at equ t in epeated!] dicated no oxygen 
the exit i Ir test in made pecifically tor 
the purpose it was found that when the norma 
flow of 4 lite er min W maintained durir 
impling of the heat or during any other operation 
nvolvir emoval of the cover plate from the samp- 
e. the ox el yntent of the atmosphere in 
mediately ove the batl ( to approxin itelv 0.1 
ct; but if the ) flow vas increased to 10 liter 
‘ ‘ vas ope! iny ict 
contaminatior f the atmosphere was unmeasurab! 
n 
Contaminat ! t? furnace atn phere by mo 
e, F ve ed to be a somewhat more seriou 
j e of tl moisture ippe ed ti 
e the furnace refractories, especia the manite 
cement er the na ¢ itir the ! 
the B te The ea cticalls 
oisture-free eOVE moisture test made by 
nsertir tube containn Dru te il ndicatir 
it i hate ‘ itor vhicl 
ensitive t i} mate part millor 
f usture in a n the t { data reported by 
Hamn and the i ne betwee 
the furnace and the a n evlinde ive con etely 
‘ itive esult On the othe hand n the earls 
t ‘ f the nvest itior ‘ itive la e vo rr 
fy observe the furnace 
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The moisture problem was solved by carefully 
drving the furnace. With the furnace operating un- 
der vacuum, a charge of iron was melted, and the 
amount of cooling water was then reduced until it 
came out of the coil warm. After the heat was tap- 
ped, the furnace was immediately sealed and placed 
under vacuum again. When the crucible had cooled 
to approximately 1000 C, the cooling water was 
turned off, so that all refractories within the furnace 
chamber were heated. This procedure was repeated 
until a negative moisture test in the exit gas Was 
obtained from the furnace in a regular run By 
employing the above drying operation after every 
relining of the furnace, and by keeping the furnace 
sealed under argon when it was idle, contamination 
of the atmosphere by moisture was held to a mini- 
mum. It is considered that the actual moisture con- 
tent of the atmosphere during the experimental runs 
was so low that it had no significant effect on the 
results 

Temperature Measurement: The temperature 
chosen for determination of the oxygen olubility 
isotherms were 1550 1600 . and 1650 C A range 
of 5 C from the specified temperature was set as 
the permissible limit of temperature variation for 
the isothermal observations. This range imposed 
no hardship with respect to operation of the furnace 
and appeared to be adequately narrow trom the 
standpoint of any significant effect that could be de- 
tected by chemical analyses. All temperatures were 
measured by platinum vs. platinum 10 pet 
rhodium thermocouples encased in a silica sheath 
nounted in a water-cooled holder as shown In fig 
2. The couples were calibrated against two tandard 
thermocouples that were ce rtified accurate up to at 
least 1575 C by the National Bureau of Standards 
The calibration was also occasionally checked agains‘ 
1 melting point of electrolytic iron (containing 


approximately 0.08 pet oxygen) In an alumina cru 


cible, which was taken as 1530 ¢ 

To make a temperature measurement, the thermo- 
couple holder was lowered until the silica tube was 
plunged into the bath to a depth of approximately 
2 in. Except as described below, depth of immersion 
servable 


of the thermocouple in the bath had no ¢ 
effect on the temperature reading provided it wa 
greater than 1 in. The thermocouple was maintained 
n this position until a constant tempet! iture indi 
cation was obtained on a direct-reading potenti- 
ometer. The time of immersion necessary for a relia- 
ble temperature Measurement Was on the order of 2 
min. As soon as the potentiometer reading reached 
a constant value, the thermocouple was withdrawn 
from the bath and raised to the highest possible po- 
tion in the furnace chamber, so that it would not 
nterfere with sampli ig, and so that prolonged ex- 
" the thermocouple to high temperature 
vould be avoided 

Contamination of the thermocouples by exposure 
to high temperatures in the presence ol hea’ wa 


isuallvy observed to be a slow process re ulting 


radual deterioration of the couples. It was com- 
pensated for bv frequent recalibratior Occasior 
ally. however, especially at temperatures above 
1600°C, deterioration of the couple was quite 
apid, so that in the course of one run the observed 
temperature might become as much as 25 C low 
Fortunately, it was discovered that an error of 
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Fig. 3 (above left) —FeO 

Inclusions in Taylor 
sample of oxidized 

electrolytic iron, X500. 


Fig. 4 (below left)—FeO 
inclusions in sample 
of oxidized eiectrolytic 
iron with slightly slower 
quenching rate than in 
fig. 3. X500. 


Fig. 5 (top right)— 
Inclusion in Taylor 
sample of electrolytic 
iron containing 0.066 pet 
° aluminum and 0.015 pet 
oxygen. X2000. Fig. 6 
(center right)—Inclusions qe 
» in same heat as shown 


in fig. 5 cast in 2-in. square 
2 ingot mold; aluminum: 
. 0.035 pet, oxygen: 0.013 
pet. X500. Fig. 7 (bottom 
right)—-Same sample as 
in fig. 5 after annealing t 
for L hr at 1400°C. X2000. 


more than 5 C in a contaminated thermocouple 
could be detected quite easily. With a couple con- 
taminated sufficiently to lower its reading more than 


» C below the actual temperature, variation of tem- e ? 


perature with depth of immersion was observed at 


lepths considerably greater than the minimum 


necessary for a good couple. When a contaminated 


the rmocouple was letected, it wa immediately 
withdrawn from service for reconditioning and re 
placed with one that had been newly calibrated. By ’ e 
em thermocouples of known calibration for 


every run and by making frequent depth of immer- 


ion tests during the progress of a run, error due to 


thermocouple drift because of contamination was 
held to a minimum. It is considered that with few 


exceptions the temperature observations reported 


in the data tables are within 5 C of the actual 

temperatures, so that the total deviation from the 

nominal temperature was from +10 C 
; ; their rejection. In addition, if the cooling rate ts 
Sampling of Metal: Representative sampling of ufficiently fast to suppress the formation of large 


liquid metal is an important and difficult problem nclusions, it removes the question of whether they 
n investigating deoxidation phenomena Since it were present as such in the lquid metal before 
has been convincingly demonstrated by Sims: and solidification. If inclusions of significant size are 
Lilliqvist and others that reaction during the present in such a rapidly cooled specimen they may 
cooling and solidification of molten iron tends to be recognized in microscopic examination, but if the 
cause precipitation and segregation of nonmetallic specimen contains no relatively large inclusions, it 
phases, it is considered that the cooling rate of san may be considered to represent the liquid metal for 
ples should be as fast as possible Although prac- analvtical purposes 

tical cooling rates may not be sufficiently fast to pre- For this investigation, the sampling device de 


vent such precipitation, fast cooling should keep the scribed by Taylor and Chipman’. which ha ince 
nclusions small and minimize tendencies toward come to be known as the “Tavlor ampler,” wa 
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ised. Essentially thi umple 1 wu heavy-wall 
mall-bore, copper suction-tube which gives a sam- 
ple that is solidified at a very high rate Microscopic 
tudy of samples indicated that this device would 
fulfill the requirements discussed above 


The effect of the Taylor sampler on the precipita- 


tion of inclusions is illustrated by fig. 3 to 7. Fig. « 
llustrates FeO inclusions in a sample taken at ap- 
proximately 1650°C from an electrolytic iron melt 
iturated with oxygen. Fig. 4 shows similar inclu- 
ions in a large drop of metal that clung suspended 
to the tip of the ampler as the latter wa withdrawn 


e rate of cooling of this 


from the melt o that 
metal. although still quite rapid, was not so fast as 
that of the sample proper. The suppression of in- 
clusion growth resulting from the rapid quench 1s 


evident 

Similar behavior is indicated by fig. 5 which illus- 
trat i sample taken at a temperature of approxi- 
mately 1650 C frorn a melt of electroyltic iron to 
which aluminum had been added. Even at a magni- 


fication of 2000 dian no oxide inclusions were Vis- 
ble wu pite of the fact that chemical analyses of 


the samplk ndicated the presence of 0.066 pct alumi- 


num and 0.015 pet oxygen. When this same heat was 


cast in a 2-u suare cast iron ingot mold, so that 
the freezing rate was relatively slow in comparison 
to the Tavlor sample, the composition changed to 


1.035 pet aluminum and 0.013 pct oxygen, and in 


clusions typical of aluminum-killed steel formed as 


hown in! 6. The sample illustrated in fig. 5 was 
innealed for 1 hr at 1400 C in an atmosphere of 
rgon with a resultant formation of the inclusions 
hown in fi 7. it apparent that the rate of cooling 
if the Tavlor sample effectively retards the precipi- 
tation and owth of inclusior 

Not all of the sample taken during the study of 
the aluminum-oxygen equilibria were so free from 
\ Dle nclusior i the om lustrated by fig. 5 
Some of them occasionally contained minute inclu 
ons more or lk imilar to those shown in fig. 7 
Such observations, howeve were considered not to 


but to be ar 


I th ippre ion of inclusion precipitation, a rate 
that could not alway be whieved, even with the 
tic quenct if the mplet 

be e be ibmitted to chemica inaly ali 
imple vere carefully examined for defects tha 
nt oneou analyt it iit the 
lefects could not be removed, the amy les were dis- 

ied The most troublesome defect Was a typ ot 
Kit mination ¢ cold shut that was particularly 
evaient t imple taken at the lows tempera 
ture m heats containu ibstantial amounts ol! 
Jluminum o1 con. Manganese appeared to allevi 
ite the condition. Slag contamination of the sample 
was encountered nie the la volume wa Kept 
fo Gene \ these letect were fairly 
bvious, bul ll me instances they could be detected 
mil t tre tr i tr it ver 
] mople 

Sampling of Slag: The lov i imes that were 
found arv te the fu conduct of the 
ox pe menta i made ampli! difficult 
Moreove imp not improved by the fact 
that mat oft the particula those the 
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under the conditions of the runs and were present 
as dry, frangible films on the surface of the metal 
The sampling method that proved most effective 
was as follows: A clean, cold steel rod '4 to “s In 
in diam was lowered into the furnace through the 
sampling hole until it just touched the surtace of the 
heat. A small amount of slag, with or without some 
metal, would usually freeze to the tip of the rod 
The rod was immediately raised until the tip was 
at the level of the argon inlet orifice, and the sample 
was cooled in the incoming stream of argon. When 
cool, the samples were pulverized in a steel morta! 
and then passed through a 100-mesh screen to re- 
move metal that had also frozen to the rod. Many 
of the slag samples were too small for reliable 
chemical analysis. Most of them, however, were 
suitable for X ray diffraction examination for identi- 
fication of the phases present 


Analytical Methods: As has been pointed out by 
Chipman’, a major obstacle attending studies of 
deoxidation with aluminum has been the lack of a 
reliable analytical method for determining low con- 
centrations of aluminum in iron. The recent de- 
velopment of sensitive colorimetric methods fo1 
aluminum, however, has now materially lessened 
this handicap 

The aluminum results reported herein were ob- 
tained by a spectrophotometric method using alum- 
inon as the indicator after removing iron and othe 
interfering elements by means of cupferron. Thi: 
method, which is applicable to aluminum contents as 
low as a fraction of a part per million, was developed 
by J. B. Culbertson and R. M. Fowler of the Union 
Carbide and Carbon Research Laboratories, Inc. The 
precision of the method may be inferred from a test 
that was made on carbonyl iron with the following 
results 


Sice of Sample Aluminum—Pet 


‘ ool2 

00 0010 

00.0 0.0012 
Reagent t 0 0000F 


tum analyses were made on chips machined 


from the complete cross-section of the Taylor sam- 


ple. Total aluminum was determined, since it wa 
considered that all of the aluminum present In a 
ample had been in solution in the liquid metal at 
the time the sample was taken 

Analvses for oxygen were made by the conven- 
tional vacuum fusion technique which appeared to 
vive results reproducible within 0.001 pet oxygen 
In preparation for vacuum fusion analysis, the sam- 
ples were macroetched in 50 pet HCI to eliminate 
ill traces of scale or rust and to reveal any defects 
not already detected. Following pickling, they were 
washed with water, acetone, and ether and were 
then stored in a dessicator to await analysi 

Slag sample we analvzed by the customary 
procedures and were X rayed by the powder diffrac- 
tion method using chromium radiation. In the study 


of aluminum, very few slag samples were of suffi- 
cient size or were sufficiently free from contamina- 

rant 
hemical analvs All sample ; were X raved, how- 
ever, with iron lines in the diffraction patterns being 


tion with finely divided particles of metal to wa 


egarde d 
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Experimental Procedure: The basic furnace charge 
consisted of approximately 15 Ib of electrolytic iron 
To facilitate charging and melting in the rotating 
furnace, it was found convenient to premelt the 
electrolytic iron and forge a slug fitting the rotating 
crucible. Composition of the electroyltic iron slugs 
as charged was as follows: 


Fiement Pet 


0.002 


0.0008 


Phosphoru 0.0012 
Sulphu 0.010 
Silice 0.001 
‘ 0.0002 
Aluminum ‘insol 0.0005 
Coppe Trace 
Nic Trace 


For certain runs, it was desired to start out with 
a charge containing a high concentration of alumi- 
num. This aluminum was, therefore, incorporated 
in the electrolytic iron during the premelting opera- 
tion 

When the charge in the rotating furnace had been 
melted, the temperature of the bath was adjusted to 
within 5 C of the desired level and held constant 
for sufficient time to attain equilibrium. After an 
addition of deoxidizer or ferric oxide, the heat was 
permitted to come to the new equilibrium before a 
sample was taken. The time interval varied from 
15 min to several hours but usually was about 30 
min. This cycle of addition and sampling operations 
was repeated throughout the duration of a run which 
lasted from 4 to 7 hr. In some cases, several suc- 
cessive samples were taken over a period of time 
with no additions in order to make sure that equi- 
librium was actually being attained. Additions were 
made in the form of high-purity aluminum welding 
rod, distilled manganese, refined silicon metal, and 
C.P. ferric oxide 


Aluminum and Oxygen in Liquid Iron: The initia! 
work in the rotating furnace was a study of the 
aluminum-oxygen equilibria tn liquid iron. The ex- 
perimental results are listed in table I From these 


data, isothermal oxygen solubility curves were plot- 
ted as illustrated in fig. 8. It is evident that the data 
could be represented almost equally well by curves 
of somewhat different slopes from those shown. The 
curves, as drawn, appear to suggest that the meta! 
was in equilibrium with pure solid ALO,. Such an 
inference, however, is not supported by the evidence 
and is not intended to be implied 

The point of origin at approximately 0.002 pct 
aluminum and 0.08 pct oxygen of the 1600 C curve 
in fig. 8 is considered to be reasonably well estab 
lished. It is the end point that was reached either 
by melting oxidized electrolytic iron in the alumina 
crucible or by adding iron oxide to a melt initially 


containing aluminum. The data are insufficient for 
locating this point at the other temperatures 

The phases in contact with the liquid metal were 
studied qualitatively. A fairly large sample of the 
solid phase at low aluminum concentrations in the 
bath was obtained during a run in which a charge 
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containing aluminum was oxidized down to the end 
point. The X ray diffraction pattern of this sample 
corresponded to that of iron-aluminum spinel 
Chemical analysis gave the following results 


Element Pet 


which are calculated to correspond to a composition 
of 69.9 pet FeO.ALO, and 30.4 pet Fe,O,. The melt- 
ing point was determined to be 1700°C + 20°C. It 
is inferred, therefore, that at least through a hmuited 
range of aluminum concentration above the in- 
variant point the metal may be in equilibrium with 
an iron oxide-rich iron-aluminum spinel. During 
another run in which the end point was being ap- 
proached merely by melting a charge of oxidized 
electrolytic iron, a sample of the lquid slag phase 
was obtained. The sample was inadequate for chem- 
ical analysis, but X ray diffraction indicated it to be 
a mixture of FeO and FeO.Al.0O At aluminum 
contents in the metal on the order of 0.10 pet and 
over, X ray diffraction examination of the nonmetal 
lic phases indicated mixtures of FeO.AlO, and 

In view of the above observations, it seems prob- 
able that the true solubility curves may be more 
complex than indicated. The curves of fig. 8, how- 
ever, are considered to represent the order of magni- 
tude of the oxygen solubilities observed in this 
investigation. The results can be expressed approx! 
mately by the equation 
Log K — Log % O 22.75 [1] 
in which T is the absolute temperature. This equa- 
tion represents a so-called “deoxidation constant” 
through the range of temperatures and compositions 
studied and is not considered to have any othe 
significance 

Apparently, the only previous laboratory study of 
the deoxidation of iron with aluminum reported in 
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Fig. 8—-Solubility of oxygen in liquid iron contain 
ing aluminum. 
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Fig. 9—Comparison of experimental aluminum 


deoxidation curves. 


the literature that of Wentrup and Hieber, who 
attempted to evaluate a deoxidation constant experi- 
ment | These authors concluded that their results 
ve the temperature ange of 1600-1720 C could 


27.98.[2] 


In t §, the present result are compared with 
those of Wentrup and Hieber calculated by means 
fEq 2. Itw e evident that, although they differ 


' omewhat, they are of the ame order of magnitude 
Wentrup and Hieber measured temperature with a 

Bropte col te vVhich the a imed gave 

ect tit of the true temperature of the 

id t ind the juenched the amples by 
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Fig. 10—Effect of 0.25 pet silicon on the solubility 
of oxygen in liquid iron containing aluminum 
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was varied. Only the 1600 C 
covered by the experimental results, which are given 
in tables II, III, and IV.* By plotting the aluminum 
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temperature range Was 


* See footnote on page 


and oxygen contents of the metal for the silicon 
and manganese ranges indicated, the average oxygen 
solubility curves shown in fig. 10, 11, and 12 were 
obtained. In these figures the 1600 C 
determined for aluminum, 


reference 


curve already 
for 


alone, is indicated 


In fig. 10, illustrating the effect of 0.25 pct silicon 
on deoxidation with aluminum, no curve has been 
drawn because none seems warranted on the basi 


of the data. The points at high aluminum content 


appear to be within the range that would be ex- 
pected for aluminum, alone. The points at low 
aluminum contents, at the left of the diagram, al- 


though considerably below the aluminum curve, are 
to be the limit 


found 


at the oxygen level that was 
of oxygen solubility for this amount of silicon in 
20 
7 /600°C 
5 -Al alone 
0.010 Al+ 0.46 Mn) 
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00005 
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Fig. 11—Effect of 0.46 pet manganese on the solu 
bility of oxygen in liquid iron containing 


aluminum. 
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Fig. 12—Effect of 0.66 pet manganese and 0.27 pet 


silicon on the solubility of oxygen in liquid iron 
containing aluminum. 


the absence of aluminum. It inferred, therefore, 
that the influence of silicon on deoxidation with 
aluminum ts relatively minot 

On the other hand, the irve of fig. 11, showings 
the effect of approximately 0.46 pct manganese or 


aluminum-oxygen relation in iron, in- 


licates that manganese substantially lowe) 


ibilitv of oxvgen below the limit ob 


aluminum alone. Similarly, the curve of fig. 12 
for aluminum in the presence of 0.66 pct manganese 
and 0.27 pet silicon shows a lowering of the oxygen 
Olubility beyond that indicated by fig. 11. In view 
of the results illustrated bv fig. 10. howeve 
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Fig. 13 (top left)— 
Reaction product 
extending from walls 
and bottom of crucible 
into metal bath. 


Fig. 14 (top right) — 
Effect of manganese 
on condition shown 
in fig. 13. 


Fig. 15 (bottom left)— 
Effect of silicon on 
condition shown 
in fig. 13. 


Fig. 16 (bottom right)— 
Effect of manganese 
and silicon on 
condition shown 
in fig. 13. 


considered that the additional reduction in oxygen 
solubility apparent in fig. 12 is due to the increased 
manganese concentration rather than to any ap- 
preciable influence of the silicon 


Crucible Reaction: During the experimental runs, 
unusual difficulty in attaining equilibrium was ex- 
perienced because of what appeared to be exten- 
sive reaction between the liquid metal and the 
alumina crucible. Although it was worse at the 
lower aluminum concentrations (below approxi- 
mately 0.10 pct), the reaction persisted throughout 
the range of aluminum contents studied 

It seemed to be characteristic of the reaction that 
if equilibrium were being approached by adding 
aluminum to a high-oxygen, low-aluminum bath, 
small additions of aluminum were not retained by 
the bath for any length of time until the aluminum 
content of the metal exceeded 0.10 pct. On the 
other hand, when the bath contained a relatively 
high aluminum concentration initially, excessive ad- 
ditions of ferric oxide were required to effect an 
incremental lowering of the aluminum content. In 
the latter case, the addition of ferric oxide was 
frequently observed to be followed immediately by 
an initial drop in the aluminum content of the metal 
followed by a slow increase until the new equilibri- 
um was reached. 


The reaction was accompanied by what appeared 
to be a growth of oxidic reaction products extending 
into the melt from the walls and bottom of the cru- 
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cible. This condition is illustrated by fig. 13 which 
is a photograph of a bottom corner of the vertical 
cross section of a heat that was permitted to solidify 
in the crucible under slow rotation. When man- 
ganese and/or silicon were present in the bath, 
however, the deposition of nonmetallics on the cru- 
cible walls and bottom appeared to be greatly re- 
duced as shown by fig. 14, 15, and 16. Fig. 14 is a 
photograph similar to fig. 13 of a heat that con- 
tained 0.40 pet manganese; fig. 15 illustrates a heat 
that had a silicon content of 0.25 pet; and fig. 16 
shows a heat that contained 0.58 pct manganese and 
0.27 pet silicon 

These reaction products extending out into the 
bath seriously interfered with the sampling of the 
metal. If the sampler were plunged too close to the 
walls or the bottom of the crucible, some of the 
reaction products would be broken off and drawn 
into the sampler with the liquid metal. Such con- 
tamination of the samples was readily detected by 
the microscopic examination to which all samples 
of this investigation were submitted before analysis 
A micrograph of a polished section from a sample 
containing these reaction products is shown in fig 
17. The strong resemblance to the typical oxide 
clusters usually observed in aluminum-killed steel 
is notable. The inclusions in the sample illustrated 
by fig. 17 were extracted electrolytically with the re- 
sult shown in fig. 18. Their appearance is strongly 
suggestive of a dendritic character. The residue 
illustrated in fig. 18 was identified by X ray diffrac- 


188, FEB. 1950, JOURNAL OF METALS—421 


i 
; 
, 


ha 
i 
{ 
| 
| 


Fig. 17—Reaction 
products trapped in 
Taylor sample. X500. 


Fig. 18—Inclusions 
extracted from sample 
shown in fig. 17. X500. 
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metal 


phase at low aluminum concentrations, as 


lescribed in a preceding section, appear to corres- 
pond approximately to White's point A in fig. 19. 
The observations of spinel phase or mixtures of 
alumina at somewhat higher aluminum 
with the 


This phase 


spinel and 
contents in the bath also appear to agree 
phase distribution suggested by White 
distribution may be modified by the presence of 
manganese and/or silicon 


rhis crucible reaction strongly suggests that pure, 


cannot coexist with liquid iron of the 
studied. On the basis of the above dis- 
cussion, it is inferred that the solubilitv of oxygen 


liquid 


compo tion 


ron containing aluminum within the range 


eelmaking concentrations is limited by the 
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Fig. 19—Phase dis- 
tribution in system 
Fe-Al-O. 


After White 


formation of a phase or phases richer in iron oxide 
than ALO 

Comparison with Theoretical Aluminum Deoxida- 
tion Curve: The curve generally employed for de- 
scribing the deoxidizing power of aluminum is the 
aluminum curve of fig. 1. This curve was derived 
by Chipman from a thermodynamic calculation 
of the equilibrium constant of the reaction: 


ALO, solid 2 Al 30 


in which aluminum and oxygen dissolved in liquid 
iron were assumed to be in equilibrium with pure, 
solid ALO,. In fig. 20, the present oxygen solubility 
results for a temperature of 1600°C are compared 
with this theoretical curve. It is apparent that the 
present results indicate an oxygen solubility ap- 
proximately 100-fold greater than that predicted by 
the calculation 

One explanation of this apparent discrepancy has 
been given by Chipman in a recent publication” in 
which he pointed out that the thermodynamic cal- 
culations give the activity and not the concentration 
of oxygen dissolved in the liquid metal, and that in 
systems such as this the activity coefficient of oxy- 
gen in the metal phase may be considerably less 
than unity. An alternative explanation is suggested 
by the observations of the present investigation, 
which indicate that liquid iron of the compositions 
considered here may not actually attain equilibrium 
with pure ALO, as necessarily assumed for the 
calculations. Instead, the equilibria may be with 
phases of presumably higher oxygen activity than 
pure, solid ALO 

Summary 


In order to study deoxidation reactions in molten 
iron, a rotating crucible induction furnace was con- 


FeO Al, 0; 


~ 


PER CENT 


structed, and an experimental technique involving 
close temperature control and drastically quenched 
samples was developed, so that the isothermal solu- 
bility of oxygen in liquid iron containing one o1 
more deoxidizers could be investigated 

By means of this equipment and technique, de- 
oxidation curves for aluminum at 1550, 1600", and 
1650 °C were obtained which, although oversimpli- 
fied, are believed to be representative of the order 
of magnitude of oxygen solubility in liquid iron 
containing small quantities of aluminum 

The results are at wide variance with the theo- 
retical curve of Chipman’, either because the theo- 
retical curve predicts the activity rather than the 
concentration of oxygen in the liquid metal, o1 
because the metal phase is not actually in equilib- 
rium with pure, solid Al.O, as was assumed for the 
calculations. Throughout the range of aluminum 
concentrations investigated, the experimental melts 
could not be brought into equilibrium with the pure 
ALO, crucible but appeared to react rather exten- 
sively with the crucible. It is inferred that in de- 
oxidation of iron with aluminum, the nonmetallic 
phases involved are not pure, solid AlO, but are 
phases of compositions intermediate between Al,O 
and iron oxide 

Observations on melts containing Manganese in 
addition to aluminum indicated that manganese 
greatly increases the deoxidizing power of alumi- 
num at concentrations within the usual steelmaking 
range. On the other hand, silicon appeared to have 
no significant effect on the deoxidizing power of 
aluminum 
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Solubility of Oxygen in Liquid Iron 


by D. C. Hilty and Walter Crafts 


Determination of the solubility of oxygen in iron containing silicon, or manga- 


Containing Silicon and Manganese 


nese, or both, has confirmed the earlier work on silicon, shown that manganese is 
more effective than expected, and has demonstrated that the combination of silicon 
and manganese is a much stronger deoxidizer than might have been inferred from 


ILICON and manganese are of primary impor- 

tance in the deoxidation of steel, and a study has 
been made at the Union Carbide and Carbon Re- 
search Laboratories, Inc. of the solubility of oxygen 
in iron in the presence of silicon and manganese, 
singly and in combination, as a basis for more 
effective control of inclusion formation 

The investigation was carried out with the same 
equipment and experimental procedure that were 
used in the determination of the oxygen solubility 
of iron containing aluminum’. The heats were melted 
in a rotating crucible furnace under an argon at- 
mosphere. Bath temperatures were controlled by 
platinum/platinum 10 pet rhodium thermocouples 
to attain equilibrium at 1550°, 1600°, and 1650°C, 
so that oxygen solubility isotherms were determined 
directly without requiring calculation from a tem- 
perature coefficient. A detailed description of the 
furnace and procedure is given in the paper on 
aluminum deoxidation 

Oxygen solubility in the presence of more than 
0.10 pet silicon was found to approximate earlie! 
determinations closely, but some deviation was ob- 
served at lower silicon contents. Manganese appeared 
to be more effective than had been anticipated. The 
combination of silicon and manganese lowered the 
solubility for oxygen markedy as compared with 
manganese alone. Although the 


either silicon or 


their individual effects. 
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solubility for oxygen in the presence of both silicon 
and manganese represents only a part of the in- 
formation needed to control inclusion formation, it 
suggests a partial explanation of the benefits of this 
combination that have been observed in practice 
Manganese and Oxygen in Liquid Iron: The study 
of oxygen in iron in the presence of manganese was 
carried out in magnesia crucibles of the type fur- 
nished commercially for laboratory induction fur- 
naces. Alumina crucibles were unsatisfactory, be- 
cause the work on the aluminum-oxygen equilibria 
in iron’ had shown that merely melting iron in an 
alumina crucible limited the solubility of oxygen to 
a level considerably below that anticipated for mod- 
erate concentrations of manganese. Silica crucibles 
appeared unsuitable because of the dangers of exces- 
sive fluxing by the melt. Moreover, as will be shown 
later, melting iron in a silica crucible also limits 
the oxygen content below that in equilibrium with 
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Fig. 1—Solubility of oxygen in iron containing 
manganese. 


It is presumed, on the other hand, 
that at steelmaking tempe the influence of 
magnesia on the solubility of oxygen in the metallic 
phase of the iron-manganese-oxygen system is quite 


manganese, alone 


ratures 


small 

Determinations of manganese contents of the bath 
the analytical method 
in steel. Analyses for oxygen in the 
The results obtained 


were made by conventional 


ior Manganest 


metal were by vacuum fusion 


from samples taken during the experimental runs 
are listed in table I A plot of these data gave 
Tat 1 i Vi Db ent 2736 f American 
Documentat Institute, 1719 N Street, N. W.. Washingt D « 
< Ox re 
the isothermal oxygen solubility curves shown in 
fig. 
: Most previous investigation of equilibrium in 
: the iron-manganese-oxygen system, among which 
; the work of Korber and Oelsen is outstanding, have 


an evaluation of the equilibrium 
manganese dissolved in 
the liquid slag 


devoted to 


metal 


been 


constant for reaction ot 


the liquid with 
as expressed by the equations 


iron oxide in 


(FeO) Mn (MnQ) Fe [1] 
(MnO) 
K [2] 
(FeO) Mr 
‘ the b 
quid 
Korber and Oelsen represented their results over 
a wide temperature range bv the equation 


Log K, [3] 


where T is the absolute temperature. 

Rece ntly, Chipman, er ro, and Winkler have re- 
calculated the free ene rgy of Eq 1 from lately pub- 
ished thermodynamic data for the individual 
substances involved. By combining this result with 
a number of observations on experimental melts 
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Fig. 2—Comparison of present manganese results 
with those of other investigators. 


100 2.00 


under liquid FeO-Mn0O slags they have obtained the 
equation 
6440 


1 2.95 


Log [4] 

In the present investigation an attempt was made 
to secure a check on the value of Ky, without suc- 
The manganese slags were of such a nature 
that they would not remain well down in the rotat- 
ing cup of metal but crept up the walls of the cup 
toward the rim where they could not be sampled 
When an effort was made to keep some slag on the 
surface of the cup by increasing the volume, 
it was found that the slag volume necessary was so 
large that it became chilled on the top surface and 
be considered representative of the true 
equilibrium slag; in addition, the large slag volumes 
caused extensive fluxing of the thermocouple pro- 
tection tube during temperature measurements, so 
that the samples obtained were excessively contam- 


cess 


slag 


could not 


inated with silica. Consequently, all of the results 
from these runs with high slag volume were dis- 
carded, and the attempt to determine the equi- 


librium constant, Ky... was abandoned 

Both Korber and Oelsen’ and Chipman, Gero, and 
Winkler® made direct the solubility 
of oxygen in the metal. From their data Kérbe1 
and Oelsen concluded that the oxygen content of 
the metal in this system is dependent solely on the 
iron oxide content of the slag according to the Nernst 
They determined the partition 


observations of 


partition principle 
coefficient 

I Oo 

(FeO) [5] 
over a range of temperatures, and by combining the 
result with Eq 3 they calculated deoxidation curves 
for manganese. Similarly, Chipman, Gero, and 
Winkler emploved the partition coefficient, L,, de- 
rived from the work of Taylor and Chipman’ on the 
solubility of oxygen in pure iron, to calculate man- 
ganese deoxidation curves from Eq 4 representing 
their experimental results. At the higher manganese 
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man, Gero and Winkle: 
2 that the oxygen solubilities 


modified to in- 
clude the assumption of a solid slag phase 

In fig. 2 the results of the present study are com- 
pared with those of Korber and Oelsen and Chip- 
It will be evident from fig 
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nvestigation are of a totally different order of mag- 
from those predicted by Korber and Oelsen 
In view of the work of Taylor and Chipman and of 
however, the values of the partition coeffi- 
derived by Kérber and Oelsen and applied 
by them in calculating the solubility isotherms, ap- 
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pear to have been 40 to 50 pet too high. Moreover, 
it is probable that the temperatures reported by 
Korber and Oelsen were somewhat lower than the 
true temperatures, because the vapors of manganese 
and manganese oxides over their melts admittedly 
nterfered with their optical pyrometer readings 
At the higher manganese concentrations the in- 
creased rate of lope of the curves is probably in- 


dicative of the solid slag phase. The manganese 
content at which the slag changes from liquid to 
solid = increase with temperature Presumably, 


therefore, these curves should show inflections cor- 
responding to the points of isothermal invariant 
equilibrium. Apparently, however, the magnitude 
of the inflections is so small that it was beyond the 
sensitivity of the present study. Visual observations 
of the character of the slag during the various runs 
iggested that the transition might come at around 
0.10 pet manganese in the bath at 1550°C, approxi- 
mately 0.20 pet manganese at 1600°C. and in the 
vicinity of 0.60 pect manganese at 1650°C. These 
observations are in good agreement with what would 
be estimated from consideration of Eq 4 and the 
FeO-MnO diagram of Hay, Howat, and White 
The position of the 1600°C curve in relation to 
the curves for 1550° and 1650°C, as illustrated bv 
fig. 1 belheved to reflect the disproportionatel, 
higher solubility of oxygen in pure iron at higher 
temperatures implied by the data as compared with 


the curve of Taylor and Chipman’ and the similarity 
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Fig. 6 (upper left)— 
Type of inclusions 
present in metal- 
lographic specimens of 
heats containing 
1.75 pet, 0.17 pet, and 
0.14 pet silicon. 


Fig. 7 (upper right)— 
Appearance of silica 
globules extracted from 
heats represented 
by fig. 6. 


Fig. 8 (lower left)— 
Inclusions in metal- 
lographic specimen from 
near the center of a heat 
containing 0.14 pet 
silicon. 


Fig. 9 (lower right) — 
Inclusions extracted 
from specimen shown 
in fig. 8. 


of FeO and MnO which have been shown to be 
completely miscible in all proportions in both the 
liquid and solid states 

On the basis of these solubility curves, it is ap- 
parent that the deoxidizing power of manganese is 
considerably greater than has heretofore been as- 
sumed 

Silicon and Oxygen in Liquid Iron: Since it was 
expected (c.f. Basic Open Hearth Steelmaking") 
that the type of refractory in which the experimental 
melts were made might have a profound influence 
on the solubility of oxygen in liquid iron in the 
presence of silicon, the iron-silicon-oxygen equi- 
libria were studied in magnesia, silica, and alumina 
crucibles. The magnesia crucibles were similar to 
those employed for the investigation of manganese: 
the silica crucibles, also obtained commercially, were 
pure, vitreous silica; while the alumina crucibles 
were made up for the purpose’. A few alumina 
crucibles made commercially from alumina bonded 
with approximately 12 pct silica were also employed 

Silicon contents of most of the metal samples in 
the very low silicon range were determined by a 
modification of the highly-sensitive silico-molyb- 
date colorimetric method of Clausen and Roussopou- 
las* adapted for this investigation by R. C. Shubert 
and R. M. Fowler of these Laboratories. In the 
higher silicon ranges (above approximately 0.20 pet) 
analyses were by the conventional gravimetric 
method. Oxygen contents were determined by 
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vacuum fusion. Slag samples of sufficient size were 
analyzed by the customary procedures. All slags, 
however, were examined by X ray diffraction for 
identification of the phases present 

Of the several attempts to evaluate a silicon de- 
oxidation constant experimentally, including the 
studies of Herty and Fitterer”, Kérber and Oelsen”, 
Zapffe and Sims”, Schenck and _ Briiggeman”, 
Derge'’, and others, the investigation of Kérber and 
Oelsen has received the greatest attention. For the 
effect of temperature on the equilibrium constant of 
the reaction 
SiO. i120 + 2 Fe 2 (FeO) + Si [6] 


Korber and Oelsen expressed their results by the 
equation: 
19,057 


Log Kx, Log Si- (‘« FeO) 
11.101 [7] 
which Chipman’ has converted to: 
26,050 
Log K, Log ‘ Si (% O) + 9.51 [8] 


for the reaction of silicon with oxygen dissolved in 
the metal. The points of three-phase equilibrium 
at constant temperature, i.e., liquid metal in con- 
tact with liquid iron silicate slag and solid silica, 
representing the maximum oxygen and minimum 
silicon contents to which Eq 8 is applicable were 
reported by Koérber and Oelson to be 0.084 pct 
oxygen and 0.002 pct silicon at 1550°C, 0.105 pct 
oxygen, and 0.003 pct silicon at 1600°C, and 0.13 pet 
oxygen and 0.006 pct silicon at 1650°C. Koérber and 
Oelsen, however, made no truly isothermal study 
of oxygen solubility over a range of silicon contents 

The experimental results obtained during the cur- 
rent investigation are given in tables II, III, and IV 
segregated according to type of crucible employed 
for the rotating furnace runs. From these data oxy- 
gen solubility curves were plotted for 1550°, 1600 
and 1650 °C as illustrated by fig. 3, 4, and 5 in which 
the silicon deoxidation curves of Kérber and Oelsen 
calculated by Eq 8 are also indicated for comparison 

At first glance, it may appear that there is small 
justification for drawing the curves in the mannet 
shown. Actually, each of the groups of data could 
be represented by single straight lines on these log- 
arithmic plots. Upon closer examination, however, it 
was found that the best single straight lines that 
could be drawn through the points not only showed 
less agreement with the data but were inconsistent 
with each other at the different temperatures. On 
the other hand, the remarkable degree of consistency 
with which the apparent break in the curves shows 
up at different temperatures, in different crucibles, 
and, as will be shown below, in the presence of 
manganese, cannot be ignored. Consequently, and 
in view of other considerations discussed below, the 
solubility curves of fig. 3, 4, and 5 have been drawn 
as two intersecting curves which fit the data quite 
well in comparison with the straight lines predicted 
by Korber and Oelsen 

Above 0.10 pct silicon the slope of the curve is 
actually 2.13, but the results are fitted approximately 
by the equation 

18,050 


Log K Log Si- % O + 5.10 
| 


It should be noted that this equation does not refer 
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Fig. 10— FeO inclusions in heat con- 
taining 0.015 pet silicon. 


to an equilibrium constant but is considered to be 
a representation of an empirical silicon deoxidation 
constant for liquid metal in equilibrium with silica 

Another unexpected result evident from fig. 3, 4, 
and 5 is the apparent lack of any significant effect 
of the crucible on the solubility of oxygen in liquid 
iron containing silicon except at very low silicon 
contents where a slight influence is indicated. By 
means of thermodynamics it has been predicted 
that the deoxidizing power of silicon should be con- 
sideraby increased for iron melted in magnesia o1 
alumina refractories, because the activity of SiO, is 
reduced by the formation of stable magnesium o1 
aluminum silicates. It is apparent, however, that 
in the present experiments such a tendency was not 
observed. The small deviations of the magnesia and 
alumina crucible curves at very low silicon contents 
are in line with the observed effects of alumina and 
magnesia crucibles on the solubility of oxygen in 
liquid iron in the absence of additions of a de- 
oxidizer’.’. It is notable that the analytical and X ray 
results of slag samples listed in tables HI and IV 
suggest that at silicon contents over approximately 
0.05 pet the slags from heats melted in alumina 
crucibles were saturated with silica, while those 
from a run made in magnesia were saturated with 
forsterite or enstatite 

The exact significance of the apparent discontin- 
uities in the solubility isotherms could not be de- 
termined directly and can only be inferred. The 
problem was investigated experimentally at some 
length, and a number of miscellaneous observations 
were made which, considered in toto, appear to sug- 
gest a reasonable explanation 

The invariant points indicated by the breaks in 
the curves ought to correspond to points of three- 
phase equilibrium involving liquid metal, liquid 
slag, and solid silica. However, repeated tests in 
which plain electrolytic iron (containing oxygen) 
was melted in a silica crucible, or in which an excess 
of oxygen was added to a melt containing silicon 
gave a result at 1600 C of approximately 0.006 pet 
silicon and 0.085 pct oxygen in the metal in fai: 
agreement with the results of Kérber and Oelsen 
for liquid iron under a silica saturated slag. More- 
over, for the runs made in a silica crucible, both the 
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Fig. 11—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1550°C. 


Fig. 12—Fffect of manganese on the solubility of oxygen in liquid iron containing silicon at 1600°C. 
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Fig. 12 (continued)—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1600°C, 


Fig. 13—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1650°C. 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—431 


/ 
0.200 
| | | | 
| | | 
ol | | | 
| | | | ~ 
. 
| 
‘ 
0.200 
0.050 F- + + + + 
0.020 4 } 4 4 
0.010 — 
0.005 — + + + + . + + + 
00 2 


/650°C 


550°C 


Fig. 14—Lines of two- 

fold saturation of the 

metal for any manga- 

nese content. 

Arrows pointing to right indi 
cate observations just befere 
appearance of film arrows 
pointing left indicate observa 
tiens immediately after ap 
pearance of film (see text) 


PER CENT OXYGEN 


0.00! 
0.01 002 0.05 0.10 0.20 0.50 


PER CENT SILICON 


5.00 
1550°C 


/600°C 
1650°C 


Fig. 15—Manganese 
Ay and silicon contents 
2 A of liquid iron in 
Pa equilibrium with 


silica-saturated slags. 
“a 
4 


/nvestigation 


| 
ool 0.02 0.05 0.10 0.20 0.50 100 
PER CENT SILICON 


formed a small puddle at the bottom of the rotating 
excess silica in metal cup. At silicon contents above the breaks in 


uJ 
WwW 
z 
< 
oO 
z 
= 
WwW 
oO 
uJ 
a 


ag at all lico ri ! n the metal the curves, the slag changed quite sharply to a thin 
above this end-po This was not true for run tough film that was either solid or of very high vis- 
made in alumin: gnesii i ee table cosity, and that completely enveloped the surface of 
II, Il, and IV) the metal like a skin. When this scum was removed, 
On the other hand, during 0 ct of the ex- as by sampling, a new film formed promptly. Sam- 
perimental runs in all crucibl vas observed that ples of this film invariably included a considerable 
the indicated breaks in the oxyg olubility curve amount of metal, so that chemical analyses of slags 
eemed to coincide with a visibl hange in the ap at the higher silicon contents could not be considered 
pearance of the slag At licon contents below the reliable 


the lag appeared completely liquid and It wa also observed 
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runs that maintenance of equilibrium at silicon con- 
tents in the range between the breaks in the curves 
and the end-point in a silica crucible was practically 
impossible under the conditions of this study. Left 
to themselves, melts in this range slowly lest sili- 
con and absorbed oxygen until the end-point was 
reached. At silicon contents above the breaks, how- 
ever, equilibrium could readily be maintained over 
a long period of time 
As explained by Benedicks and Lofquist 

oxidation-type inclusions in steel directly 
lated to the nonmetallic phases in equilibrium with 
the liquid metal at the time freezing begins. Ac- 
cordingly, at the conclusion of several of the runs 
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Fig. 16—Solubility of oxygen in liquid 
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iron containing manganese and silicon. 


in silica crucibles, the melts were permitted to 
freeze in the furnace under the argon atmosphere, 
and the the solidified metal were 
studied 

The inclusions in a_ polished 
containing 1.75 pet silicon are shown in fig. 6. These 
with the 


inclusions in 


section of a heat 
inclusions were extracted electrolytically 
result illustrated by fig. 7. By means of refractive 
index measurements and X diffraction they 
were identified as globules of so-called “cristobalite 
glass.” Observations similar to these were made 
on heats containing 0.17 and 0.14 pct silicon respec- 
tively 

In addition, a few unusual inclusions of the type 


ray 
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Fig. 17—Effect of manganese on deoxidation with silicon. 


t with slag phase and solid silica phase. At highet 


ilicon heat silicon concentrations, the metal appears be in 
ue equilibrium with solid silica, but at lower sili- 
contents the equilibrium is with a slag phase 
composition and, as suggested by 


pecimen cu 


pecimen ar tr 
l ons were con 
described above of varnable 


} heavy fuming at low silicon 


resembling ““wish- concentrations, pos- 


anched 


relatively high vapor pressure whose iden- 


f cristobalite ibly 
in a silica crucible was obscured 


titv in runs made 

the last because of reaction with the crucible 
It is notable that both Herty and Fitteret and 
pet apffe and Sims’, in their attempts to evaluate the 
ilicon deoxidation constant for metal in equilib- 
also observed deviations from 


identified 


that the 


containing 0.015 
These were extracted 
by X rav diffraction rium with pure silica 
the theoretical oxygen solubility curve at approxi- 
mately the same silicon contents reported here 
ad collected Herty and Fitterer attributed this to fluxing of 
X rav hi SiO. inclusions by FeO so that the inclusions were 
FeO with a not retained in the metal. Zapffe and Sims con- 
fered it might be due to the formation of SiO 
It is considered, therefore, that the curves of fig 
4. and 5 represent solubility isotherms for oxy- 
liquid iron containing silicon, and that the 


contained a completely 


h some ot 


cal analys 


in 
tions in the 
ree-phase equilibrium. Consequently, at silicon 


curves are the points of invariant, 


ntents above these points the metal is in equilib- 
rium with solid silica phase, and at lower silicon 
concentrations, the metal is in equilibrium with a 
juid slag phase of widely variable composition 
For practical purposes, at silicon concentrations 
0.10 pet the product of the silicon content of 


metal and the square of the oxygen content 


ly 


rated lav be regarded as constant 
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Fig. 18—Comparison of deoxidizing powers 
at 1600°C. 


Manganese, Silicon, and Oxygen in Liquid Iron: 
Up to the present time no study of the solubility 
of oxygen in liquid iron containing both manganese 
and silicon but in the absence of silica saturation 
has been reported. Korber and Oelsen’ investi- 
gated deoxidation with manganese and silicon in a 
silica crucible with varying temperature and de- 
rived the equilibrium constant equation 


Si MnO) 


Log Log 
Mn 


[10] 
for the reaction: 
Si0 2 Mn 2 (MnO) Si [11] 


The field of deoxidation so important to steelmak- 
ing in other than acid furnaces, however, does not 
appear to have been covered experimentally In 
the present investigation, therefore, most of the 
experimental runs for the study of the manganese 
silicon-oxygen equilibria in liquid iron were car- 
ried out in alumina crucibles, with a few runs be- 
ing made in magnesia. No changes in experimental 
procedure were involved. The experimental result 
are tabulated in tables V and VI 

$v plotting the oxygen and silicon contents of 
the metal for various limited ranges of manganese 
concentrations, oxygen solubility isotherms were 
obtained as illustrated by fig. 11, 12. and 13. It i 
evident from these curves that, as in the case of 
silicon, alone, the effect of type of crucible is not 
great. There is a tendency for the oxygen solubili 
ties at very low silicon contents to be somewhat 
higher in magnesia crucibles than in alumina, but 
this is compatible with the observations reported 
above. For the sake of consistency, the curves have 
been drawn principally with respect to the alumina 
crucible data. In presenting these data, aluminun 
concentration in the metal is considered so low a 
to be essentially without effect 

It will also be evident that the discontinuitie 
corresponding to the beginning of silica saturation 


are quite apparent in those curves where there are 


sufficient data to locate this point of three-phase 
equilibrium at constant temperature and manganese 
concentration. In those manganese ranges where 
the data were inadequate for establishing the break 
in the curve, it was located with the help of the 
curves of fig. 14 

During the conduct of some of the experimental 
runs, reasonably accurate observations of the first 
appearance or of the disappearance of the persis- 
tent film considered to indicate saturation of the 


metal with silica phase, as described in the preced- 


ing section, were recorded in the heat logs By 
plotting the silicon and oxygen contents of samples 
taken from the melts of various manganese con- 
tents immediately before and immediately afte 
these observations, the curves of fig. 14 were ob- 
tained rhe intersection of an oxygen solubility 
curve from fig. 11, 12, or 13 at any manganese con- 
tent with the appropriate temperature curve from 
fig. 14 corresponds to the invariant point at con- 
tant temperature and manganese content and is 
the break in the oxygen solubility curve 

The manganese and silicon contents of the metal 
at these invariant points correspond to those cal- 
culated by Kérber and Oelsen* by means of Eq 10 
for metal in equilibrium with silica-saturated slags 
The present results are quite different from those 
of Korber and Oelsen, as shown in fig. 15. The tem- 
perature coefficient indicated in fig. 15 conforms 
to that observed for the effect of temperature on 
the manganese-oxygen equilibria shown in fig. 1 

From the experimental curves of fig. 1, 3, 4, 5 
11, 12, and 13, complete families of curves showing 
the effect of manganese on the silicon-oxygen equi- 
libria and the effect of ilicon on the manganese- 
oxygen equilibria were constructed as illustrated 
in fig. 16. The dashed portions of these curves are 
based on what appears to be a reasonable extrapo- 
lation of the experimental data 

To illustrate the effect of manganese on deoxida- 
tion with silicon within the composition and tem- 
perature ranges of particular interest in normal 
teelmaking processes, the results of this study have 
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been plotted as shown in fig. 17. The pronounced 
effect of manganese in increasing the deoxidizing 
power of silicon, especially in the range of silicon 
contents usually considered for furnace deoxida- 
tion or blocking practices, is quite evident. Fo 
example, at 0.10 pet silicon in the bath 0.25 pet 
manganese is indicated to improve the deoxidizing 
power of silicon by almost 30 pct, and 0.59 pet 
manganese nearly doubles it 

In fig. 17. the boundary curves delineating the 
fields of silica saturation of the molten metal, as 
uggested by the results of this investigation, are 
also shown for the indicated manganese concentra- 
tions. It may be inferred that compositions lying 
to the right of these boundary curves, 0! whose 
olidification paths intersect the boundary curves, 
will precipitate solid SiO, on cooling The effect 
of manganese in displacing these curves toward 
higher silicon contents, and thereby presumably 
reducing the tendency toward the formation of 


SiO. inclusions, is notable 


Summary 


Determination of the solubility of oxygen in li- 
quid iron containing manganese has indicated that 
manganese is 50 to 70 pet more effective in limiting 
the oxygen solubility than has previously been con- 

idered on the basis of the work of Korber and 
Oclsen 

The solubility of oxygen in liquid iron contain- 
ng silicon has been observed to agree fairly well 
with that reported by Koérber and Oelsen It is 
indicated. however, that below a silicon content of 
approximately 0.05 pet the metal is no longer satur- 
ated with silica, and the oxygen solubility ceases 
to conform to the conventional deoxidation con- 
tant equation 

Silicon and manganese in combination have been 
found to be very substantially more effective than 
either element individually. Within the usual range 
of steelmaking compositions, silicon in the presence 
of 0.50 pet manganese has been observed to be 
practically equivalent to aluminum without man- 
ganese in limiting the oxygen content of steel. Man- 
ganese also appears to displace the region of silica 
aturation of the metal toward higher silicon and 
lowe oxvgen contents 

From the results of this investigation and those 
presented in the aluminum paper’, fig. 18 has been 

epared showing a comparison of the deoxidizing 
abilities of manganese, silicon, aluminum, and com 
binations of these elements at 1600 C 
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Above is the Bell System's new ‘‘musicol keyboord Insert shows the digits of 
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Playing a tune for a telephone number 


Before vou talk over some of the new Bell 
Svstem long distance circuits, your operator 
presses kevs like those shown above. one for 
each digit in the number of the telephone vou 
are calling. Each kev sends out a pair of tones. 


literally setting the number to music. 


In the community vou are calling. these 
tones activate the dial telephone -vstem, to give 
vou the number vou want. It is as though the 
operator reac hed clear across the country and 


dialed the number for vou. 


BELL TELEPHONE 


This <vstem. one of the newest developments 
of Bell Telephone Laboratories. is already in 
use on hundreds of long distance lines radiat- 
ine from Chicago. Cleveland. New York. Oak- 
land and Philadelphia. and between a number 
of other communities. 

It will be extended steadily in other parts of 
the country — a growing example of the way 
Bell Telephone Laboratories are ever finding 
new wavs to give vou better, faster telephone 


service, 
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CLEANER “BRIGHT ANNEALING’’— FASTER AND AT LOWER COST 


wits DPé 


ARTS annealed in high vacuum 
a from the annealing furnace 
oxide film free—ready to use. This 
absence of surface film is opening new 
opportunities to reduce costs by elim- 
inating the need for expensive, ume- 
consuming cleaning techniques and to 
improve quality by insuring closer con- 


trol of mechanical properties. 


DPi, pioneer in high vacuum, makes 
and supplies high vacuum pumps, ac- 


cessories, and complete assemblies for 
every high vacuum metallurgical need. 
Furnaces start with the 2-inch ceramic 
tube model shown above. In operation 
they reach an ultimate vacuum of 2 x 
10° mm. Hg and maintain a tempera- 
ture of 1100° C. A tube-end viewing 
window permits observation of the 


furnace interior at any tume. 


DPi high vacuum engineers are 
prepared to provide you with detailed 
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Division of Eastman Kodak Company 


Distillers of Oil-Soluble Vitamins and Other Concentrates 
for Science and Industry; Manufacturers of High Vacuum Equipment. 


information about high vacuum prod 
ucts or render technical assistance in 
suggesting assemblies to meet your 
particular requirements. If you wish, 
they are ready to place at your service 
their many years of experience in the 
engineering of continuous high 
vacuum production systems. 


Whatever you need, a letter outlining 
your requirements or stating your 
problem in as much detail as possible 
will receive prompt attention 
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